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INTRODUCTION

Apoptosis is cell death characterized by unique biochemical and morphological events including
internucleosomal DNA cleavage, chromatin condensation, membrane blebbing, and cell fragmentation.
Apoptosis plays an essential role in the development and maintenance of homeostasis in multicellular
organisms. Apoptosis is positively and negatively regulated by many physiological and pathological factors, and
this regulation is initiated by genetic and biochemical programs. Apoptosis occurs in normal physiological
conditions, and can be induced by ionizing radiation, UV radiation, DNA-damaging drugs, oxidants, viral
infection, and deprivation of growth factors. Disorders in apoptosis play critical roles in carcinogenesis and in
the development of resistance to radiation or chemotherapy in cancer cells. Therefore, understanding the
molecular mechanisms of the apoptotic process is important for the prevention and treatment of cancers.

JNK (c-Jun N-terminal kinase; also named as stress-activated protein kinase, SAPK) belongs to the mitogen-
activated protein kinase (MAPK) superfamily, which also includes extracellular signal-regulated kinases (ERKs)
and the p38-MAPK family. MAPKs are serine/threonine kinases that target other kinases, transcription factors, and
membrane receptor tails, causing diverse effects such as cell proliferation, transformation, differentiation, and
apoptosis. JNK family consists of three genes, JNK1, INK2, and JNK3, which encode ten isoforms of proteins.
Substrates for JNKs include the transcription factors c-Jun, JunD, ATF-2, ATFa, Elk-1, Sap-la, and pS53.
Phosphorylation of c-Jun, ATF-2, Elk-1, and Sap-1a increases their transcriptional activity. INK kinase activity is
activated by pro-inflammatory cytokines (TNF-o and IL-1), G protein-coupled receptors, lymphocyte activation
stimuli, osmotic shock, heat shock, protein synthesis inhibitors, ceramides, DNA-damaging chemicals, UV
radiation, and 7y radiation. Activation of JNK involves MKK4 (MAPK kinase 4, also called SEK1 [SAPK/ERK
kinase] and JNKK1), MKK7 (JNKK?2), and MEKK1 (MAPK kinase kinase 1). MEKK1 phosphorylates and
activates the dual-specificity kinase MKK4/SEK or MKK7. MKK4/SEK (or MKK?7) then activates JNK via
threonine and tyrosine phosphorylation of the T-P-Y motif on JNK.

JNK is activated in apoptosis induced by growth factor withdrawal, UV-C, y radiation, ceramide, heat
shock, and DNA-damaging drugs. Activation of the JNK pathway leads to apoptosis. Interference with the JNK
pathway by the dominant-negative mutant of MEKK 1, MKK4/SEK, or JNK1 suppresses apoptosis. INK’s
substrate, c-Jun, is required for ceramide-induced apoptosis and apoptosis of neuronal cells caused by NGF
withdrawal. All these results indicate the importance of the JNK pathway in apoptosis. The JNK pathway
participates in cellular responses to mitogens, stresses, and apoptotic agents. The mechanisms by which JNK
integrates with other cellular signaling to achieve these diverse functions are intriguing. We have found that the
induction of JNK in response to mitogenic and apoptotic signals have different activation patterns, transient
versus persistent, respectively. Co-treatment of a tyrosine phosphatase inhibitor (sodium orthovanadate) and
T-cell activation signals (phorbol 12-myristate 13-acetate [PMA] plus ionomycin) prolongs the JNK induction
by T-cell activation agents and results in T-cell apoptosis. A similar phenomenon was also observed in prostate
cancer cells. These results suggest that the duration of JNK activation may be the determining factor for the
outcome of signaling. The aims of this study are (i) to examine the role of the JNK pathway in
proliferation apoptosis in prostate cancer cells, (ii) to study the mechanism of JNK-mediated apoptosis,
(iii) to identified down-stream effectors involved in JNK-mediated apoptosis.
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BODY

The first two sections are the summaries of the studies that were initiated before July 1, 1999, and were
completed during the funding period. Although these studies were not described in the proposal, both studies
are related to the proposed research, and have been published (1,2).

1. JNK mediates apoptotic signaling induced by N-(4-hydroxyphenyl)retinamide (4-HPR) in prostate
cancer cells — These results were published in attached manuscript #1 (1)

Retinoic acid and its synthetic analogs have diverse effects on development, morphogenesis, and
homeostasis, and have been tested in the prevention and treatment of cancers (3,4). Natural retinoids show limited
effects on many cancer cells; however, several synthetic retinoids exhibit potent biological activities. For example,
N-(4-hydoxylphenyl) retinamide (4-HPR) shows promise in the treatment and prevention of several cancers (5,6).
4-HPR suppresses cell proliferation in cancer cells as does retinoic acid. However, 4-HPR induces apoptosis, while
retinoic acid usually does not (7-10). The ability to arrest growth and to induce apoptosis gives 4-HPR great
potential as an effective anticancer agent. To date, the mechanism by which 4-HPR induces apoptosis is poorly
understood.

We examined the effects of 4-HPR on two prostate carcinoma cell lines, LNCaP (an androgen-sensitive,
p53+’+ cell line) and PC-3 (an androgen-insensitive, p53” cell line). 4-HPR caused sustained c-Jun N-terminal kinase
(JNK) activation and apoptosis in LNCaP cells but not in PC-3 cells at the dosages tested. Activation of JNK by
4-HPR was independent of caspases, since a pan-caspase inhibitor failed to suppress JNK activation. Ultraviolet
C and yradiation induced JNK activation in both LNCaP and PC-3 cells, suggesting that the failure of PC-3 cells
to respond to 4-HPR was due to defects upstream of the JNK pathway. Furthermore, ¥ radiation-induced JNK
activation was suppressed by an antioxidant, but 4-HPR-induced JNK activation was not, indicating that these two
stimuli induced JNK activation through different mechanisms. Forced expression of JNK1, but not a JNK1 mutant,
caused apoptosis in both LNCaP and PC-3 cells, suggesting that p53 is not required for INK-mediated apoptosis.
4-HPR-induced apoptosis in LNCaP cells was suppressed by curcumin, which inhibits JNK activation. Expression
of dominant-negative mutants in the JNK pathway also inhibited 4-HPR-induced apoptosis in 293 cells. These
results suggest that the JNK pathway mediates 4-HPR-induced apoptotic signaling.

The ability of an antioxidant (NAC) to block 7y radiation-induced JNK activation, but not 4-HPR-induced
JNK activation, indicates that these two agents induce JNK through distinct mechanisms. The activation of the INK
pathway by radiation but not by 4-HPR in PC-3 cells shows that genetic alterations in tumor cells may affect one
but not other signaling pathways involved in the induction of JNK and apoptosis. Induction of apoptosis in PC-3
cells by forced expression of INK1 suggests that we may be able to bypass the genetic defects in tumor cells that
prevent apoptosis induction by activating JNK directly. The further examination on JNK-mediated apoptotic
signaling will be important in the design of more effective cancer therapeutic agents.

2. Caspase-mediated cleavage of JNK-activating kinase HPK1 — rthis study was published in attached
manuscript #2 (2)

Caspases, aspartate-directed cysteine proteases, are required for apoptosis. The blockage of caspase
activation by peptide inhibitors or by viral proteins, such as the pox virus protein CrmA or baculovirus p35,
suppresses apoptosis progression (reviewed in (11). Cleavage by caspases may enhance the biochemical activity
of their substrates, e.g., caspases themselves (11) and protein kinase C & (12). Cleavage by caspases can also
diminish normal functions of the substrates, such as poly-(ADP-ribose) polymerase (PARP) (13), DNA-
dependent protein kinase (14), MDM2 (15), p21<P'"™*! "and p27 **' (16). In addition, cleavage of nuclear lamin
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(17), gelsolin (18), and focal adhesion kinase (FAK) (19) by caspases is involved in the morphological changes
found in apoptotic cells.

Activation of c-Jun N-terminal kinase (JNK) by Fas ligation is caspase-dependent (20), suggesting that
caspases may regulate activators of the JNK pathway. We found that an upstream activator of JNK,
hematopoietic progenitor kinase 1 (HPK1), was cleaved during apoptosis. Cleavage of HPK1 was blocked by
peptide inhibitors for caspases. HPK1 was efficiently processed by recombinant caspase 3 in vitro. A conserved
caspase recognition site, DDVD (amino acid 382-385), was found in the HPK1 protein sequence. By testing
HPK 1 proteins with in vivo and in vitro cleavage assays, we showed that aspartic acid residue 385 is the target
for caspases. HPK 1 cleavage separated the amino (N)-terminal kinase domain from the carboxyl (C)-terminal
regulatory domain, and enhanced HPK1 kinase activity. Unlike the full-length HPK1, the N-terminal cleaved
product failed to bind adaptor molecules Grb2 (growth factor receptor-bound protein 2) and Crk (CT10
regulator of kinase). The C-terminal fragment, although having three proline-rich domains, bound to Grb2 and
Crk less efficiently than the full-length HPK1 protein. Taken together, the cleavage of HPK1 by caspase
profoundly changed its biochemical properties.

Recently, several INK upstream activators including MEKK 1, PAK2/hPAK65, and Mst1 were shown to
be substrates of caspases (21-25). The similarities among these reports are that the cleavage separates the kinase
domain from the regulatory domain, and enhances the kinase activity (21-25). The cleaved kinases have either
the same or enhanced ability to activate JNK. In addition to HPK1, we found that other two HPK1-like, INK
activating kinases, GCK-like kinase (GLK) and HPK1/GCK homologous kinase (HGK) (26,27), were also
cleaved by caspase activity during Fas-mediated apoptosis. Taken together, our and others’ data suggest that the
cleavage of JNK upstream regulators is a conserved mechanism, which may mediate JNK activation and other
downstream effects. It has been shown that JNK activation is required for caspase activation by certain stimuli
(28,29). It is possible that apoptotic signaling is a circuit that death stimuli can enter at either the JNK pathway
or the caspase cascade, and the signaling circuit may amplify the death signal through the reciprocal interaction
between these two signaling modules.

3. Induction of JNK by Mitogenic and Apoptotic Stimuli in Prostate Cancer Cells — these experiments
are related to specific aim #1 in the Statement of Work

We found that the induction of JNK in response to mitogenic and apoptotic signals in prostate cancer
LNCaP cells have different activation patterns, transient versus persistent, respectively. We treated LNCAP
cells with either PMA or epidermal growth factor (EGF). Both PMA and EGF induce an immediate and
transient JNK activation in LNCaP cells. The kinase activity increased in 15 min and decreased to basal levels
in 90 min. Androgen treatment did not induce significant JNK activation in LNCaP cells. LNCAP were also
treated with various apoptotic agents, and examined for endogenous JNK activation. Among the agents tested, y
radiation, UV-C, 4-HPR (see attached manuscript #1), and 5-FU showed strong JNK inducing ability. All of the
apoptotic agents induced persistent JNK activation, which followed by apoptotic cell death as determined by
morphological change and nuclear staining of the cells. These data reveal that mitogenic agents induced
transient JNK activation in LNCaP cells, while apoptotic agents induced persistent JNK activation. These
results are consistent with our previous observation in T cells, and further support our hypothesis that duration
of JNK activation may determine cell fate.

Curcumin (diferuloylmethane), a dietary pigment from Curcuma longa, gives the golden-yellow color
and unique flavor to curry. Previously, we found that curcumin may affect the JNK pathway by interfering with
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the signaling molecule(s) at the same level or proximally upstream of the MAPKKK level (30). Curcumin
treatment suppresses the proliferation of LNCaP cells in response to serum. Curcumin also suppress apoptosis
induced by 4-HPR in LNCaP cells (1). These data suggest that the INK pathway is required for both
proliferation and apoptosis in prostate cancer cells.

4. Post-radiation treatment of curcumin, an inhibitor for JNK activation, fails to terminate JNK
activation — this work is related to specific aim #1 in the Statement of Work

Since curcumin is an effective inhibitor for JNK activation by suppressing upstream kinases (30), we
tested whether curcumin can be used to terminate JNK activation induced by apoptotic signals. If so, the
association of duration of JNK induction and apoptosis can be determined. LNCAP cells were treated with UV-
C. Twenty min post-irradiation, cells were incubated with or without curcumin. Although pre-incubation of
curcumin inhibited JNK activation by all of the agonists tested (30). Post-radiation treatment of curcumin
failed to suppress the intensity or the duration of JNK activation. This result suggests that once JNK has
been activated, the activities of upstream kinase were not required for the sustained JNK activation, because of
suppressing the upstream kinase by curcumin is not sufficient to turn off the JNK activation.

From this study, we conclude that curcumin can not be used to modulate the duration of JNK activation
as proposed in the research proposal (Aim 1). However, a JNK specific inhibitor was recently reported (31).
This inhibitor may be used to control the duration of JNK activation.

5. The role of Fas-Fas ligand in JNK-mediated apoptosis in prostate cancer cells — this work is related to
specific aim #2 in the Statement of Work.

Previously, we have shown Fas expression induced by apoptotic stimuli is a p53-dependent
phenomenon, but can be dissociated from JNK activation (32). Other investigators have reported that JNK
activation leads to the expression of Fas ligand. Using various methods, we did not detect expression of Fas
ligand in LNCaP prostate cancer, even in the presence of strong JNK activation. To further examine the
relationship between Fas/Fas ligand and JNK-mediated apoptosis, we established radiation-resistant LNCaP
cells by selecting LNCaP cells that survived lethal doses of y radiation treatment. These radiation-resistant
LNCaP cells did not respond to y radiation with JNK activation and apoptotic cell death, which is consistent
with the finding that JNK is required for 7y radiation-induced apoptosis. However, these radiation-resistant cells
were still sensitive to apoptosis induced by Fas ligation. Currently, the collective data indicate that the Fas-Fas
ligand pathway is not required for radiation-induced and/or INK-mediated apoptosis (32).

We are establishing LNCaP cells that are resistant to Fas-mediated apoptosis. We will test whether those
cells are sensitive to JNK-mediated apoptosis. The radiation-resistant LNCaP cells will be used to identified the
pathway(s) that are involved in JNK activation by y radiation.
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KEY RESEARCH ACCOMPLISHMENTS

e Showing that JNK is involved in and required for N-(4-hydroxyphenyl)retinamide-induced apoptosis in
LNCaP cells (1)

e Showing that p53 tumor suppressor gene is not required for JINK-mediated apoptosis (1)

e Identification of hematopoietic progenitor kinase 1 (HPK1), a JNK-activating kinase, as a substrate for
caspase 3 (2)

e Establishment of vy radiation-resistant LNCaP cells.

REPORTABLE OUTCOMES

Meeting Abstracts

1. Spore in Prostate Meeting, Apr. 14, 2000, Baylor College of Medicine, Houston; presentation entitled “The c-
Jun N-terminal kinase pathway and apoptotic signaling in prostate cancer”

2. Keystone Symposium entitled “Advances in Human Breast and Prostate Cancer” Mar. 19-24, 2000, Lake
Tahoe, Nevada; poster abstract (#203) entitled “ c-Jun N-terminal kinase-mediated apoptotic signaling in
prostate cancer”

Publications

1. Y.-R. Chen, C. F. Meyer, B. Ahmed, Z. Yao, and T.-H. Tan (1999) Caspase-mediated cleavage and
functional changes of hematopoietic progenitor kinase 1 (HPK1). Oncogene 18, 7370-7377

2. Y.-R. Chen, G. Zhou, and T.-H. Tan (1999) c-Jun N-terminal kinase mediates apoptotic signaling induced by
N-(4-hydroxyphenyl)retinamide (4-HPR). Mol. Pharmacol., 56, 1271-1279

3. Y.-R. Chen and T.-H. Tan (2000) The c- Jun N-terminal kinase pathway and apoptotic signaling (Review).
Int. J. Oncol, 16, 651-662

Awards
1. 5/00 — Travel award (Advance in human breast and prostate cancer, Keystone symposium; NIH Grant#1
R13 CA85280-01)
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CONCLUSION

Apoptosis plays a major role during development and homeostasis. Normal tissues are maintained by the
balance between cell proliferation and apoptosis. Defects in apoptosis may result in cancer formation. Defects in
apoptosis are among the leading causes of resistance to radiation and chemotherapy in cancer cells.
Understanding the biochemical mechanisms of apoptosis is, therefore, very important for revealing cancer
biology and for improving cancer therapies.

The c-Jun N-terminal kinase (JNK) pathway participates in cellular responses to both environmental
stresses and mitogenic signals. We found that JNK is involved in cellular signaling during apoptosis induced by
various agents including y-radiation, UV-radiation, anti-carcinogenic isothiocyanates, and retinoid analog N-(4-
hydroxyphenyl) retinamide (4-HPR) in various cancer cells (1,20,33). Interfering with the JNK pathway
suppressed the induction of apoptosis. JNK activation by apoptotic stimuli can be caspase-dependent or
independent. Different apoptotic stimuli induce JNK activation through distinct mechanisms. We found that
oxidative stress is a major cause of JNK activation in apoptosis induced by several agents. The involvement of
JNK in both mitogenic and apoptotic signaling implies that a subtle regulatory mechanism must exist for the
signaling decision. Our studies reveal that the duration of JNK induction may determine cell fate. The
mechanisms that regulate the duration of JNK activation are currently studied.

In conclusion, our study reveals the importance of the JNK pathway in apoptotic signaling (reviewed in
attached review article 34). These results provide important information for the studies of oncogenesis and the
mechanisms of radiation and drug resistance in cancer cells.

10
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The C-JUN N-TERMINAL KINASE PATHWAY AND APOPTOTIC SIGNALING IN PROSTATE
CANCER

Yi-Rong Chen, Guisheng Zhou, and Tse-Hua Tan, Department of Microbiology and Immunology,
Baylor College of Medicine, Houston, TX 77030

Apoptosis plays a major role in maintaining homeostasis in prostate tissues. Defects in apoptosis may
result in prostate hyperplasia or prostate cancer. Defects in apoptosis are leading causes of resistance to
radiation and chemotherapy in prostate cancer. Understanding the biochemical mechanisms of apoptosis is,
therefore, very important for revealing prostate cancer biology and for improving cancer therapies. c-Jun
N-terminal Kinase (JNK) participates in cellular responses to both environmental stresses and mitogenic
signals. Previously, we found that JNK is involved in apoptotic signaling induced by various agents
including y-radiation, UV-radiation, and chemopreventive and therapeutic agents for cancer.

Transforming growth factor B (TGF-J), a factor that is involved in the development of prostate cancer,
induces JNK activation via TGF-f activated kinase 1 (TAK1). We identified hematopoietic progenitor
kinase 1 (HPK1) as an upstream kinase for TAK1 in TGF-B-induced JNK activation. HPK1 is activated by
TGF-B, and INK activation by TGF-B is suppressed by a dominant-negative HPK1 mutant. TGF-§ enhances
the association between HPK 1 and TAK1, and HPK 1-induced JNK activation is blocked by a dominant-
negative TAK1 mutant. The effect of TGF-f on JNK activation was examined in three prostate cancer cell
lines. TGF-f} failed to induce JNK activation in LNCaP cells. This result is consistent with the reports
showing the genetic defects in TGF-B receptors in LNCaP cells. PC-3 and DU145 responded to TGF-f3 with
different patterns of JNK activation, transient and persistent, respectively. The molecular mechanism
underlies the different JNK activation patterns was currently under investigation.

N-(4-hydroxyphenyl) retinamide (4-HPR), a retinoic acid analog, caused sustained c-Jun N-terminal kinase
(INK) activation and apoptosis in LNCaP cells but not in PC-3 cells. Activation of JNK by 4-HPR was
independent of caspases, since a pan-caspase inhibitor failed to suppress JNK activation. Ultraviolet C and vy
radiation induced JNK activation in both LNCaP and PC-3 cells, suggesting that the failure of PC-3 cells to
respond to 4-HPR was due to defects upstream of the JNK pathway. Furthermore, 7y radiation-induced JNK
activation was suppressed by an antioxidant, but 4-HPR-induced JNK activation was not, indicating that
these two stimuli induced JNK activation through different mechanisms. By interfering with the JNK
signaling, we demonstrated that JNK activation is important for 4-HPR-induced apoptotic signaling.

We identified several actin-binding and SH3 domain-containing proteins that can interact with HPK1
through their SH3 domains. The association between these proteins and HPK1 may participate in JNK
signaling. Interestingly, these actin-binding proteins were cleaved by caspases in apoptotic prostate cancer
cells. The cleavage of these proteins may be involved in the reorganization of cytoskeleton and
morphological changes in apoptotic cells.
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c-Jun N-terminal Kinase-mediated Apoptotic signaling in
Prostate Cancer

Yi-Rong Chen, Guisheng Zhou, and Tse-Hua Tan, Department
of Microbiology and Immunology, Baylor College of Medicine,
Houston, TX 77030

Apoptosis plays a major role during development and homeostasis.
Normal prostate tissue is maintained by the balance between cell
proliferation and apoptosis. Defects in apoptosis may result in
prostate hyperplasia or prostate cancer. Defects in apoptosis are
among the leading causes of resistance to radiation and
chemotherapy in prostate cancer cells. Understanding the
biochemical mechanisms of apoptosis is, therefore, very important
for revealing prostate cancer biology and for improving cancer
therapies.

c-Jun N-terminal Kinase (JNK) participates in cellular responses to
both environmental stresses and mitogenic signals. We found that
JNK is involved in cellular signaling during apoptosis induced by
various agents including 7y-radiation, UV-radiation, and retinoid
analog N-(4-hydroxyphenyl)retinamide (4-HPR) in prostate cancer
cells. Iinterfering with the JNK pathway suppressed the induction
of apoptosis. Activation of JNK by these stimuli are caspase-
independent. Different apoptotic stimuli induce JNK activation
through distinct mechanisms.

The involvement of JNK in both mitogenic and apoptotic signaling
implies that a subtle regulatory mechanism must exist for the
signaling decision. Our previous studies reveal that the duration of
JNK induction may determine cell fate. The mechanisms that
regulate the duration of JNK activation are currently studied. We
have identified and cloned several JNK-activating, STE20-related
kinases including HPK1, HGK and GLK. The potential roles of
these kinases mitogenic and/or apoptotic signaling in prostate
cancer cells will be examined.
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ABSTRACT

N-(4-Hydroxyphenylyretinamide (4-HPR), a retinoic acid analog,
induces apoptosis in several cell types. The mechanism by
which 4-HPR initiates apoptosis remains poorly understood.
We examined the effects of 4-HPR on two prostate carcinoma
cell lines, LNCaP (an androgen-sensitive, p53*/* cell line) and
PC-3 (an androgen-insensitive, p53~/~ cell ling). 4-HPR caused
sustained c-Jun N-terminal kinase (JNK) activation and apo-
ptosis in LNCaP cells but not in PC-3 cells at the dosages
tested. Activation of JNK by 4-HPR was independent of
caspases because a pan-caspase inhibitor failed to suppress
JNK activation. Ultraviolet-C and vy-radiation induced JNK ac-
tivation in both LNCaP and PC-3 cells, suggesting that the
failure of PC-3 cells to respond to 4-HPR was due to defects

upstream of the JNK pathway. Furthermore, y-radiation-in-
duced JNK activation was suppressed by an antioxidant, but
4-HPR-induced JNK activation was not, indicating that these
two stimuli induced JNK activation through different mecha-
nisms. Forced expression of JNK1, but not a JNK1 mutant,
caused apoptosis in both LNCaP and PC-3 cells, suggesting
that p53 is not required for JNK-mediated apoptosis. 4-HPR-
induced apoptosis in LNCaP cells was suppressed by cur-
cumin, which inhibits JNK activation. Expression of dominant-
negative mutants in the JNK pathway also inhibited 4-HPR-
induced apoptosis in human embryonic kidney 293 cells.
Collectively, these results suggest that the JNK pathway me-
diates 4-HPR-induced apoptotic signaling.

Retinoic acid and its synthetic analogs have diverse effects
on development, morphogenesis, and homeostasis, and have
been tested in the prevention and treatment of cancers
(Means and Gudas, 1995; Lotan, 1996). Natural retinoids
show limited effects on many cancer cells; however, several
synthetic retinoids exhibit potent biological activities. For
example, N-(4-hydoxylphenyl)retinamide (4-HPR) shows
promise in the treatment and prevention of several cancers
(Pienta et al., 1993; Kelloff et al., 1994). 4-HPR suppresses
cell proliferation in cancer cells as does retinoic acid. How-
ever, 4-HPR induces apoptosis, whereas retinoic acid usually
does not (Delia et al., 1993; Oridate et al., 1995; Ponzoni et
al., 1995; Fanjul et al., 1996). The ability to arrest growth and
to induce apoptosis gives 4-HPR great potential as an effec-
tive anticancer agent. To date, the mechanism by which
4-HPR induces apoptosis is poorly understood.

c-Jun N-terminal kinase (JNK; also named stress-acti-
vated protein kinase) is a member of the mitogen-activated

This work was supported by National Institutes of Health Grants R0O1-
AI38649 and R01-A142532 (to T.-H.T.). Y.-R.C. was supported by Department
of Defense Predoctoral Fellowship DAMD17-97-1-7078 in the Breast Cancer
Research Program and is a recipient of Department of Defense Postdoctoral
Fellowship DAMA17-99-1-9507) in the Prostate Cancer Research Program.
T.-H.T. is a Scholar of the Leukemia Society of America.

protein kinase (MAPK) family, which also includes extracel-
lular signal-regulated kinase and p38-MAPK. JNK was first
identified by its ability to respond to environmental stresses,
proinflammatory cytokines, and mitogens (for review, see
Kyriakis and Avruch, 1996; Ip and Davis, 1998). The JNK
pathway was later found to be important in apoptosis signal-
ing (for review, see Ip and Davis, 1998). Interference with the
JNK pathway suppresses the induction of apoptosis by var-
ious agents (Xia et al., 1995; Chen et al., 1996b, 1998; Verheij
et al.,, 1996; Zanke et al., 1996). JNK phosphorylates the
Ser63/Ser73 residues in the N-terminal ¢rans-activating do-
main of c¢-Jun, strongly augmenting its transcriptional activ-
ity (Whitmarsh and Davis, 1996). In addition, the JNK path-
way activates activating transcription factor-2 (Gupta et al.,
1995), Elk-1 (Whitmarsh et al., 1995), and Sap-1a transcrip-
tion factors (Janknecht and Hunter, 1997), and interacts
with the nuclear factor-«B pathway (Meyer et al., 1996; Lee
et al., 1997). The mechanisms by which the JNK pathway
participates in these diverse cellular functions are unclear.
Our previous data suggest that the duration of JNK activa-
tion determines cell fate (Chen et al., 1996a,b). In this study,
we examined the apoptotic effect of 4-HPR on two prostate
carcinoma cell lines, LNCaP and PC-3. We found that 4-HPR
induced sustained JNK activation and apoptosis in LNCaP

ABBREVIATIONS: 4-HPR, N-(4-hydroxyphenyljretinamide; JNK, c-Jun N-terminal kinase; MAPK, mitogen-activated protein kinase; GST, gluta-
thione S-transferase: z-VAD-FK, z-Val-Ala-Asp-fluoromethyl ketone; UV-C, ultraviolet C; X-gal, 5-bromo-4-chloro-3-indolyl-B-galactopyranoside;
NAC, N-acetyl-L-cysteine; TGF, transforming growth factor; HEK293 cells, human embryonic kidney 293 cells.
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but not in PC-3 cells. Interference with the JNK signaling
suppressed apoptosis induced by 4-HPR. Our results suggest
that the JNK pathway mediates apoptotic signaling induced
by 4-HPR.

Materials and Methods

Cells and Antibodies. The culture of human embryonic kidney
293 cells (HEK293 cells) was described previously (Chen et al., 1998).
The prostate carcinoma cell lines LNCaP and PC-3 were kindly
provided by K.-M. Tchou-Wong (New York University Medical
School, New York, NY), and were cultured in RPMI-1640 medium
supplemented with 10% fetal calf serum and streptomycin/penicillin.
The rabbit anti-JNK1 antibody Ab101 was described previously
(Chen et al., 1996a). The rabbit anti-p38-MAPK antibody Ab221 was
generated against the peptide containing the carboxy-terminal 18
amino acids (DEVISFVPPPLDQEEMES) of p38 kinase. Anti-
caspase 3 (anti-pl1; no. K-19), anti-Bcl-2 (no. 100), and anti-Bel-X;,
(no. 8-18) antibodies were purchased from Santa Cruz Biotechnolo-
gies (Santa Cruz, CA). Anti-HA (12CA5) antibody was purchased
from Boehringer Mannhein Corp. (Indianapolis, IN). Anti-Flag (M2),
anti-glutathione S-transferase (GST), and horseradish peroxidase-
conjugated secondary antibodies were purchased from Sigma Chem-
ical Co. (St. Louis, MO).

Reagents and Radiation Treatments. 4-HPR was purchased
from Sigma Chemical Co. and prepared as concentrated stock solu-
tions in ethanol. SB202190 and curcumin were obtained from Cal-
biochem Corp. (La Jolla, CA) and Sigma Chemical Co., respectively,
and dissolved in dimethyl sulfoxide. N-Acetyl-L-cysteine was ob-
tained from Sigma Chemical Co. The caspase inhibitor z-Val-Ala-
Asp-fluoromethyl ketone (z-VAD-FK) was obtained from Kamiya
Biomed. Co. (Thousand Oaks, CA). Ultraviolet-C (UV-C) irradiation
was performed with a UV Stratalinker 1800 from Stratagene, Inc.
(La Jolla, CA). Gamma irradiation was performed with a Gammacell
1000 *37Cs source (Atomic Energy of Canada Ltd., Commercial Prod-
ucts, Ottawa, Ontario, Canada).

Plasmids. The GST-Jun(1-79) plasmid was described previously
(Chen et al., 1996b). The pHA-JNK1 plasmid was provided by Dr.
J. R. Woodgett (Ontario Cancer Institute, Toronto, Canada) (Pombo
et al., 1995; Yao et al., 1997). The pEBG-GST-SEK1(AL) was pro-
vided by L. I. Zon (Children’s Hospital, Boston, MA; Pombo et al,,
1995), pcDNA83-Flag-JNK1(APF) was provided by R. J. Davis (Uni-
versity of Massachusetts, Worcester, MA; Gupta et al., 1995).

Apoptosis Assays. For nuclear morphology staining, the har-
vested cells were fixed with 1% paraformaldehyde (in 1X PBS) for 10
min, washed once with 1X PBS, then stained with Hoechst 33258
(2.5 ng/ml in PBS). The nuclear morphology was examined with a
fluorescence microscope, and cells with condensed or fragmented
nuclei were identified as apoptotic cells. For flow cytometry analyses
of DNA staining profile, 5 X 10° or 10° cells were collected and
washed with PBS once, then fixed with 70% ethanol. Fixed cells were
washed with PBS to remove residual ethanol, pelleted, and resus-
pended in PBS containing propidium iodide (10 pg/ml; Sigma Chem-
ical Co.). The stained cells were analyzed by flow cytometry (model
XL; Coulter Corp., Hialeah, FL). Forward light scatter characteris-
tics were used to exclude the cell debris from the analysis. Apoptotic
cells were determined by their hypochromic, subG1 staining profiles.
DNA fragmentation assays were performed as described in Herr-
mann et al. (1994).

Cell Extract Preparation and Immunocomplex Kinase As-
says. Whole cell extract was prepared by suspending 2 X 106 cells in
200 ul of lysis buffer [20 mM HEPES (pH 7.4), 150 mM NaCl, 2 mM
ethylene glycol bis(8-aminoethyl ether)-N,N,N',N'-tetraacetic acid,
50 mM glycerophosphate, 1% Triton X-100, 10% glycerol, 1 mM
dithiothreitol, 2 ug/ml leupeptin, 5 ug/ml aprotinin, 1 mM phenyl-
methylsulfonyl fluoride, 1 mM NazVO,]. The cell lysate was kept on
ice for 20 min and vigorously mixed in a Vortex mixer every 5 min.

The lysate was cleared by centrifugation at 15,000g for 3 min, and
the supernatant was stored at —80°C. JNK assays were carried out
as described in Chen et al. (1996b). For p38-MAPK assays, endoge-
nous p38-MAPK was precipitated by incubation with an anti-p38
antibody (Ab221) and protein A-agarose beads (Bio-Rad Laborato-
ries, Inc., Richmond, CA) in the lysis buffer at 4°C for 3 h. The
precipitates were washed twice with the lysis buffer and twice with
kinase buffer (25 mM HEPES (pH 7.6), 25 mM B-glycerophosphate,
25 mM MgCl,, 2 mM dithiothreitol, and 1 mM NazVO,], then mixed
with 5 ug of myelin basic protein, 50 uM ATP, and 10 uCi of
[y-22PIATP in 30 ul of kinase buffer. The kinase reaction was per-
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Fig. 1. 4-HPR decreases cell viability in LNCaP and PC-3 cells. LNCaP
(A) and PC-3 cells (B) were plated in six-well plates 24 h before treatment.
The cells were treated with 4-HPR at the indicated concentrations on day
0, and harvested on days 1, 2, and 3. Viable cells per well were deter-
mined by the trypan blue exclusion assay.




formed at 30°C for 30 min, then terminated by adding SDS-sample
buffer. The reaction mixtures were boiled and analyzed by SDS-
polyacrylamide gel electrophoresis and autoradiography.
Transient Transfection-Protection/Apoptosis Assays. Tran-
sient transfection-protection assays were performed as described
with modifications (Chen et al., 1996b); HEK293 cells were plated in
a 35-mm-well plate (1.5 X 105 cells/well) the day before transfection.
Cells were transfected with plasmids encoding B-galactosidase (1 ug)
in combination with empty vector or the indicated plasmids encoding
dominant-negative kinase mutants (2 ug for each). The transfections
were performed by a calcium phosphate precipitation method (Spe-
cialty Media, Phillipsburg, NJ). Transfected cells were cultured in

A
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complete medium for 6 h after removing the transfection mixture,
and then treated with 4-HPR (20 uM) or left untreated for 12 h. Cells
were fixed in 1% paraformaldehyde for 10 min, washed twice with
PBS, and stained with the staining solution [PBS (pH 7.4), 1 mM
MgCl, 10 mM K [Fe(CN)], 10 mM K;[Fe(CN)gl, 0.1% Triton X-100,
and 1 mM 5-bromo-4-chloro-3-indolyl-8-galactopyranoside (X-gal)].
Transfected cells (blue color) with rounding up, shrinkage, or mem-
brane-blebbing morphology were identified as apoptotic cells. Apo-
ptosis induction was represented as percentage of apoptotic cells per
300 blue cells. For transient transfection-apoptosis assays, LNCaP
or PC-3 cells were transfected with plasmids encoding B-galactosi-
dase (3 ug) in combination with the indicated kinase plasmids as
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Pl Intensity Fig. 2. 4-HPR induces apoptosis in LN-
CaP but not in PC-3 cells. LNCaP and
PC-3 cells were treated with 4-HPR at
B the indicated concentrations. A, cells
4-HPR (!,LM) were harvested 36 h post-treatment,
¥ 1 fixed, stained with propidium icdide
R S o W2 e O P (PD, and analyzed for DNA staining

profiles as described in Materials and
Methods. B, cells were harvested 36 h
post-treatment and analyzed for DNA
fragmentation as described in Materi-
als and Methods. MW, A-DNA/HindIII
markers. C, LNCaP and PC-3 cells
were harvested 24 and 48 h, respec-
tively, after treatment. Harvested cells
were fixed, stained, and examined for
nuclear morphology.
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described in figure legends. Cells were stained with X-gal 24 or 48 h
after the transfections, and apoptosis induction was measured as
described above. Two hundred transfected cells (blue color) were
examined in every transfection.

Western Blot Assays. The cells were lysed as described above.
The lysate was resolved by SDS-polyacrylamide gel electrophoresis,
and then transferred to a polyvinylidene difluoride membrane. The
membrane was then incubated with a primary antibody (anti-
caspase 3, 1:200 dilution; anti-Bel-2, anti-Bcl-X;, and anti-GST,
1:1000; anti-HA, 1 pg/ml; anti-Flag, 5 ug/ml), washed, and blotted
with a secondary antibody conjugated with horseradish peroxidase
(1:1000 dilution). The membrane was then developed in the en-
hanced chemiluminescence reagent from Amersham (Piscataway,
NJ) and exposed to an X-ray film.

Resulits

4-HPR Induces Apoptosis in LNCaP Cells But Not in
PC-3 Cells. Two prostate carcinoma cell lines, LNCaP and
PC-3, were treated with various concentrations of 4-HPR and
were examined by trypan blue exclusion assays at different
time points after treatment. 4-HPR had a strong suppressive
effect on LNCaP cell growth. At concentrations >5 uM,
4-HPR effectively decreased the growth of LNCaP cells in
1-day cultures (Fig. 1A), and this inhibitory effect was more
evident at higher concentrations of 4-HPR or at later time
points (Fig. 1A). In contrast, PC-3 cells were more resistant
to 4-HPR treatment because low concentrations of 4-HPR (1
and 5 uM) had no apparent effect on cell viability (Fig. 1B).
4-HPR (20 uM) effectively suppressed PC-3 cell growth after
a 2-day incubation (Fig. 1B).

4-HPR induces apoptosis in several cancer cell lines, in-
cluding breast cancer cells (Fanjul et al., 1996), leukemia
cells (Delia et al., 1993), cervical carcinoma cells (Oridate et
al.,, 1995), and neuroblastoma cells (Ponzoni et al., 1995).
Decreases of cell viability in LNCaP and PC-3 cells after
4-HPR treatment (Fig. 1) suggest that 4-HPR may induce
apoptosis in these two prostate carcinoma cells. Various as-
says were performed to examine the ability of 4-HPR to
induce apoptosis in LNCaP and PC-3 cells. With flow cytom-
etry, we detected apoptosis induction, as defined by the ap-
pearance of cells with a sub-G1 staining pattern, in LNCaP
cells treated with 20 uM 4-HPR (Fig. 2A). No significant
apoptosis was detected in PC-3 treated with various doses of
4-HPR (Fig. 2A). DNA fragmentation also was observed in
4-HPR-treated LNCaP cells in a dose-dependent manner, but
not in 4-HPR-treated PC-3 cells (Fig. 2B). In addition, 4-HPR
(20 uM) caused nuclear condensation and fragmentation in

4-HPR (20 . M)

f
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Blot: anti-caspase 3

LNCaP cells (Fig. 2C), but it failed to do so in PC-3 cells (Fig.
20).

Caspase 3 is an important mediator in the apoptotic path-
way, and the cleavage of caspase 3 is a hallmark of apoptosis
in various cell types. By Western blot analyses, we also
observed the processing of caspase 3 in 4-HPR-treated LN-
CaP cells but not in PC-3 cells (Fig. 3, A and B). Collectively,
our results indicate that LNCaP cells were more sensitive to
4-HPR-induced apoptosis than were PC-3 cells. Although
4-HPR was capable of suppressing PC-3 cell growth (Fig. 1B),
it did not cause apparent apoptosis in PC-3 cells at concen-
trations tested.

4-HPR Induces JNK Activation in LNCaP Cells But
Not in PC-3 Cells. Although 4-HPR effectively induces ap-
optosis in various cell types, the biochemical mechanism is
unclear. Recently, the JNK kinase pathway was shown to
play an important role in apoptosis signaling (Xia et al.,
1995; Chen et al., 1996b, 1998; Verheij et al., 1996; Zanke et
al., 1996). We decided to examine whether the JNK pathway
participates in 4-HPR-induced apoptosis. In LNCaP cells
treated with 4-HPR (20 uM), JNK activity was detected after
the 6-h time point. The kinase activity plateaued at 14 h and
remained elevated up to 36 h after treatment (Fig. 4, A and
B). 4-HPR failed to induce JNK in PC-3 cells (Fig. 4A), as
would be expected from the absence of apoptosis (Figs. 2 and
3). We did not observe significant p38-MAPK activation in
either LNCaP (Fig. 4C) or PC-3 cells (data not shown) treated
with 4-HPR. These results show an association between JNK
activation and apoptosis induction in these two prostate car-
cinoma cells.

Caspases are important effector molecules in apoptotic pro-
cess. To establish the molecular order between the JNK
pathway and caspases, we examined JNK induction by
4-HPR in the presence or absence of a pan-caspase inhibitor,
z-VAD-FK, which suppresses the activation of multiple
caspases. The caspase inhibitor failed to suppress 4-HPR-
induced JNK activation, although it blocked the processing of
caspase 3 (Fig. 4B). In addition, JNK activation preceded the
cleavage of caspase 3 in 4-HPR-treated LNCaP cells (Figs. 3A
and 4A). These data suggest that JNK activation by 4-HPR is
independent of caspase activation and, therefore, should be
an initiating signal rather than an end effect of 4-HPR-
induced apoptosis.

Radiation and 4-HPR Induce JNK Activation
through Different Pathways. The differential induction of
JNK and apoptosis by 4-HPR in LNCaP and PC-3 cells sug-

B
4-HPR (20 M)
1 )
Time: 0 6 12 18 24 30 36 48 (h)
pc-3 21
14
kD

Blot: anti-caspase 3

Fig. 3. 4-HPR induces cleavage of caspase 3 in LNCaP but not in PC-3 cells. LNCaP (A) and PC-3 cells (B) were treated with 4-HPR (20 uM) and
harvested at the indicated time points; endogenous caspase 3 was examined by Western blotting with a specific antibody.




gests that the failure of 4-HPR to induce JNK activation and
apoptosis in PC-3 cells may result from defects in apoptotic
signaling. To determine whether the JNK pathway is func-
tional in PC-3 cells, we used y-radiation and UV-C, strong
JNK and apoptosis inducers, to activate the JNK pathway.
Both y-radiation and UV-C induced JNK activation in PC-3
cells, although the activation was slower than that in LNCaP
cells (Fig. 5, A and B). The radiation-induced apoptosis was
detected by examination of morphological changes 24 to 48 h
after irradiation (data not shown). This result shows that the
JNK pathway in PC-3 cells is responsive to the radiation
treatments. Therefore, the JNK pathway is functional in
PC-3 cells, and the failure of these cells to respond to 4-HPR
may be due to other defects in cellular signaling upstream of
JNK.

We and others have shown that oxidative stress induces
JNK activation in apoptosis induced by y-radiation, antican-
cer agents, and growth factor withdrawal (Park et al., 1996;
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Fig. 4. 4-HPR induces persistent JNK activation in LNCaP but not in
PC-3 cells. A, LNCaP and PC-3 cells were treated with 20 uM 4-HPR. The
cells were collected at the indicated time points, and the endogenous JNK
activity was determined by immunocomplex kinase assays. B, LNCaP
cells treated with 20 uM 4-HPR in the presence or absence of the caspase
inhibitor, z-VAD-FK, for 24 or 36 h. Endogenous JNK activity was exam-
ined by immunocomplex kinase assays, and endogenous caspase 3 was
examined by Western blotting with a specific antibody. C, LNCaP cells
were treated with 20 uM 4-HPR, osmotic shock (250 mM NaCl; 30 min),
or UV-C (200 J/m?). The cells were collected at the time points indicated
and endogenous p38-MAPK activity was determined by immunocomplex
kinase assays with myelin basic protein as a substrate. Activation of
p38-MAPK by osmotic shock and UV-C served as controls for p38-MAPK
assays.
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Chen et al., 1998). Therefore, we examined whether 4-HPR-
induced JNK activation is mediated through oxidative stress.
Cotreatment of LNCaP cells with 4-HPR and an antioxidant,
N-acetyl-L-cysteine (NAC), did not block JNK activation by
4-HPR (Fig. 5C). In contrast, NAC completely suppressed
y-radiation-induced JNK activation. This result indicates
that, unlike y-radiation-induced JNK activation, the 4-HPR-
induced JNK activation is not mediated through oxidative
stress. Collectively, these data suggest that y-radiation and
4-HPR use different pathways to induce JNK activation.
Expression of Bcl-2 Was Decreased in 4-HPR-In-
duced Apoptosis in LNCaP Cells. Expression of antiapop-
totic molecules, such as Bcl-2 and Bel-X;, is associated with
resistance to apoptotic stimuli (for review, see Adams and
Cory, 1998). We examined the correlation between the ex-
pression of antiapoptotic molecules Bcl-2 and Bel-X;, and the
susceptibility to 4-HPR-induced apoptosis in LNCaP and
PC-3 cells. These two cell lines expressed comparable levels
of Bcl-X;, however, Bcl-2 expression was slightly higher in
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Fig. 5. 4-HPR and y-radiation induce JNK activation through different
mechanisms. LNCaP (A) and PC-3 cells (B) were treated with y-radiation
(20 Gy) or UV-C (100 J/m?). The cells were harvested at the time points
indicated and the endogenous JNK activity was determined by immuno-
complex kinase assays as described in Materials and Methods. C, LNCaP
cells were treated with 4-HPR (20 uM) or y-radiation (20 Gy) in the
presence or absence of NAC (20 mM). Cells were collected 1 h (y-radia-
tion) or 12 h (4-HPR) after treatment, and endogenous JNK activity was
examined by immunocomplex kinase assays.
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LNCaP cells than in PC-3 cells (Fig. 6A). Therefore, the
difference in susceptibility to 4-HPR in LNCaP and PC-3
cells cannot simply be explained by the expression levels of
Bcl-2 and Bel-X;. The expression of Bcl-2, but not Bel-X;,
gradually decreased in LNCaP cells after 4-HPR treatment
and became undetectable at the 24-h time point (Fig. 6B).
This decrease in Bcl-2 expression occurred after the JNK
activation and, therefore, is unlikely to be the cause of JNK
induction. The expression levels of Bel-2 and Bel-X;, did not
change significantly by 4-HPR treatment in PC-3 cells (Fig.
6B).

Activation of JNK Pathway Induces Apoptosis in
Both LNCaP and PC-3 Cells. We also tested whether the
apoptotic signaling downstream of JNK is intact in PC-3
cells. We transfected an empty vector, HA-tagged JNKI1, or
Flag-tagged kinase-dead JNK1 mutant (JNK1[APF]) plas-
mid into LNCaP and PC-3 cells, and studied the induction of
apoptosis in the transfected cells. HA-JNK1 has been shown
to be activated by forced expression in transfected cells (Yao
et al., 1997). The liposome used in the tansfection caused a
background of apoptosis (Fig. 7, A and B); however, we ob-
served an increase in apoptosis in the wild-type JNK1-trans-
fected cells compared with cells transfected with the control
plasmid or JNK1[APF] (Fig. 7, A and B). These data indicate
that both LNCaP and PC-3 cells can undergo apoptosis fol-
lowing induction of the JNK pathway, and that the apoptotic
signaling downstream of JNK is functional in PC-3 cells.
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Fig. 6. Bcl-2 expression decreases after 4-HPR treatment in LNCaP cells.
A, equal amounts of cell lysate (50 pg) from untreated LNCaP and PC-3
cells were subjected to Western blot analyses for expression of Bcl-2
(exposure time after enhanced chemiluminescence reaction, 5 min) and
Bel-X,, (exposure time, 1 min). B, LNCaP and PC-3 cells were treated with
or without 4-HPR (20 uM). At the time points indicated, the cells were
harvested and examined by Western blot assays for the expression levels
of Bel-2 (exposure times, 1 min in LNCaP and 3 min in PC-3 cells) and
Bcl-X,, (exposure time, 1 min in both LNCaP and PC-3 cells).

Because PC-3 is a p53~/~ cell line, these results also suggest
that p53 is not required for JNK-induced apoptosis.

Interference with JNK Pathway Suppresses 4-HPR-
Induced Apoptosis. If JNK activation is required for
4-HPR-induced apoptosis, interference with the JNK path-
way should suppress apoptosis induction by 4-HPR. LNCaP
cells were treated with 4-HPR in the presence or absence of
a chemical that inhibits p38-MAPK (SB202190; Lee et al.,
1994) or JNK activation (curcumin; Chen and Tan, 1998).
Cotreatment with curcumin suppressed 4-HPR-induced JNK
activation and also decreased apoptosis induction (Fig. 8). As
expected, because 4-HPR did not induce p38-MAPK activa-
tion in LNCaP cells (Fig. 4C), SB202190 failed to affect
4-HPR-induced apoptosis (Fig. 8). SB202190 also did not
affect JNK activity at the concentrations tested.
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Fig. 7. Forced expression of JNK1 induces apoptosis in both LNCaP and
PC-3 cells. LNCaP and PC-3 cells were transfected with plasmids encod-
ing B-galactosidase (3 pg) in combination with the indicated plasmids
[HA-JNK1, 2 pg; Flag-JNKI(APF), 2 ug]. The total amount of transfected
DNA was normalized with empty vectors. A, cells were stained with X-gal
either 24 (PC-3) or 48 h (LNCaP) after transfection. Transfected cells
(dark color) with rounding up, shrinking, or membrane-blebbing mor-
phology were identified as apoptotic cells (indicated by arrowheads). B,
apoptosis induction was represented as percentage of apoptotic cells per
200 blue cells. Data represent the means * S.D. of four experiments.




We have not been able to block 4-HPR-induced apoptosis in
LNCaP cells by dominant-negative mutants of the JNK path-
way in transient transfection-protection assays (data not
shown). This was probably because the expression of the
mutated kinases was not sufficient to suppress the endoge-
nous kinases in LNCaP cells. HEK293 cells, which allow
efficient expression of transfected genes, were used to exam-
ine the requirement of the JNK pathway in 4-HPR-induced
apoptosis. HEK293 cells were sensitive to 4-HPR-induced
JNK activation and apoptosis (Fig. 9, A-C). Interference with
the JNK pathway by forced expression of a dominant-nega-
tive mutant of JNK1 [JNK(APF)] or SEK1 [SEK1(AL)] sup-
pressed 4-HPR-induced apoptosis (Fig. 9, B and C). The mu-
tated kinase SEK1(AL), which acts immediately upstream of
JNK, blocked the activation of cotransfected HA-JNKI1 by
4-HPR (Fig. 9D). Collectively, these results suggest that
the JNK signaling pathway is important in 4-HPR-induced
apoptosis.

Discussion

Our results suggest that the JNK pathway participates in
4-HPR-induced apoptosis. Apoptosis induced by 4-HPR was
associated with sustained JNK activation. By forced expres-
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Fig. 8. Interference with the JNK pathway suppresses 4-HPR-induced
apoptosis. LNCaP cells were treated with 4-HPR (20 uM) in the presence
or absence of SB202190 (30 uM) or curcumin (25 uM). A, cells were
collected at the 12-h time point, and endogenous JNK and p38-MAPK
activities were examined by immunocomplex kinase assays. B, treated
cells were collected at the 30-h time point for nuclear staining. Cells with
condensed and fragmented nuclei were identified as apoptotic cells. The
results presented are means * S.D. of three independent experiments.
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sion of JNK1, we induced apoptosis in transfected LNCaP
and PC-3 cells. Interference with the JNK pathway by dom-
inant-negative kinase mutants suppressed 4-HPR-induced
apoptosis in HEK293 cells, suggesting the requirement of the
JNK pathway in 4-HPR-induced apoptosis in these cells.
Curcumin, an inhibitor of JNK activation, blocked 4-HPR-
induced apoptosis in LNCaP cells, suggesting the importance
of the JNK signaling. However, the requirement of JNK in
4-HPR-induced apoptosis in LNCaP was not conclusively
proved in this study.

We found that LNCaP cells were more sensitive to 4-HPR-
induced JNK activation and apoptosis than were PC-3 cells.
Roberson et al. (1997) reported that 4-HPR is capable of
inducing apoptosis in PC-3 cells through a transforming
growth factor-B (TGF-B)-dependent pathway. We did observe
a growth-inhibitory effect of 4-HPR on PC-3 cells (Fig. 1);
however, no significant apoptosis was detected in 4-HPR-
treated PC-3 cells by four criteria (flow cytometric analysis,
DNA fragmentation, nuclear morphology, and cleavage of
caspase 3; Figs. 2 and 3). It is noted that Roberson et al.
(1997) used two assays (flow cytometric and DNA fragmen-
tation assays) to detect apoptosis, and they did not compare
PC-3 to LNCaP cells. Furthermore, this discrepancy may be
due to variations between the different PC-3 lines used in
these two studies. One possible variation is in the production
of TGF-B or in various components of the TGF-$ receptor-
signaling pathway. TGF-B has been shown to cause sus-
tained JNK activation (Atfi et al., 1997; Zhou et al., 1999).
Whether TGF-B is required for 4-HPR-induced JNK activa-
tion is unknown. If that is the case, and TGF-B is required for
4-HPR-induced apoptosis in PC-3 cells as reported (Roberson
et al., 1997), defects in TGF-B8 production or TGF-8 receptor
signaling may significantly suppress 4-HPR-induced JNK
activation and apoptosis. The involvement of TGF-8 and the
JNK pathway in 4-HPR-induced apoptosis needs to be eluci-
dated by further examination of different cell types. Never-
theless, our data clearly showed the difference in 4-HPR
responsiveness between PC-3 and LNCaP cells.

Other genetic factors may result in the differential regula-
tion of JNK and apoptosis by 4-HPR in LNCaP and PC-3
cells. PC-3, an androgen-insensitive, bone marrow-derived,
metastasized tumor cell line, is a more progressive prostate
carcinoma cell line than the lymph node-derived, androgen-
sensitive LNCaP cells (Kaighn et al., 1979; Horoszewicz et
al., 1983). Therefore, the failure of PC-3 cells to respond to
4-HPR-induced apoptosis may be due to some defects in the
apoptotic-signaling pathway that are not present in LNCaP
cells. In addition to androgen unresponsiveness, PC-3 cells
have no p53 protein products due to deletions at both p53
alleles (Rubin et al., 1991; Planchon et al., 1995). In contrast,
LNCaP cells have wild-type p53 genes. It has been shown
that p53 is important for apoptosis induced by y-radiation
and by the adenovirus E1A protein (Debbas and White, 1993;
Lowe et al., 1993). It is possible that the lack of p53 protein
may contribute to the resistance of PC-3 to apoptosis induc-
tion. However, JNK can be activated by radiation in PC-3
cells, although with a slower activation kinetics, in the ab-
sence of functional p53 protein. This suggests that p53 is not
required for JNK activation. Because JNK phosphorylates
both murine and human p53 proteins in vitro (Milne et al.,
1995; Alder et al., 1997), it has been suggested that p53 is a
downstream effector of the JNK pathway. However, in this
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Fig. 9. Expression of dominant-negative mutants in the JNK pathway suppresses 4-HPR-induced apoptosis. A, HEK293 cells were treated with 20
M 4-HPR; cells were collected at the time points indicated and examined for endogenous JNK activity. B, HEK293 cells were transfected with
plasmids encoding B-galactosidase (1 ug) in combination with empty vector or the indicated plasmids encoding dominant-negative kinase mutants (2
pg of each), Transfected cells were cultured in complete medium for 6 h after removing the transfection mixture, treated with or without 4-HPR (20
M) for 12 h, and then stained with X-gal. Transfected cells (dark color) with rounding up, shrinking, or membrane-blebbing morphology were
identified as apoptotic cells (indicated by arrowheads). C, apoptosis induction was represented as percentage of apoptotic cells per 300 blue cells. D,
HEK?293 cells were transfected with HA-JNK1 plasmid (0.5 ug) plus empty vector (2 pg), or HA-JNK1 (0.5 ug) plus GST-SEK1(AL) (2 ug) plasmids.
Cells were treated with or without 4-HPR (20 uM) before harvest. HA-JNK1 activity in the transfected cells was determined by immunocomplex kinase
assays. The expressions of the transfected genes were determined by Western blot analyses.

article, we show that forced expression of JNK1 induced
apoptosis in the p53 ™/~ PC-3 cells, suggesting that p53 is not
required for JNK-mediated apoptosis. Collectively, the data
suggest that p53 is not essential for the activation of JNK,
and that the p53 protein is not required for the JNK-induced
apoptosis. However, this study does not exclude the possibil-
ity that p53 may synergize with the JNK pathway to induce
apoptosis.

The ability of an antioxidant (NAC) to block y-radiation-
induced JNK activation, but not 4-HPR-induced JNK activa-
tion, indicates that these two agents induce JNK through
distinct mechanisms. The activation of the JNK pathway by
radiation but not by 4-HPR in PC-3 cells shows that genetic
alterations in tumor cells may affect one but not other sig-
naling pathways involved in the induction of JNK and apo-
ptosis. Induction of apoptosis in PC-3 cells by forced expres-
sion of JNK1 suggests that we may be able to bypass the
genetic defects in tumor cells that prevent apoptosis induc-
tion by activating JNK directly. Further examination of

JNK-mediated apoptotic signaling will be important in the
design of more effective cancer therapeutic agents.
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Caspase-mediated cleavage and functional changes of hematopoietic
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Activation of c-Jun N-terminal kinase (JNK) by Fas
ligation is caspase-dependent, suggesting that caspases
may regulate activators of the JNK pathway. Here, we
report that an upstream activator of JNK, hematopoietic
progenitor kinase 1 (HPK1), was cleaved during apop-
tosis. Cleavage of HPKI1 was blocked by peptide
inhibitors for caspases. HPK1 was efficiently processed
by recombinant caspase 3 in vitro. A conserved caspase
recognition site, DDVD (amino acids 382-385), was
found in the HPK1 protein sequence. By testing HPK1
proteins with in vivo and in vitro cleavage assays, we
showed that aspartic acid residue 385 is the target for
caspases. HPK1 cleavage separated the amino N-
terminal kinase domain from the carboxyl C-terminal
regulatory domain, and enhanced HPK1 kinase activity.
Unlike the full-length HPK1, the N-terminal cleaved
product failed to bind adaptor molecules Grb2 (growth
factor receptor-bound protein 2) and Crk (CTI10 reg-
ulator of Kkinase). The C-terminal fragment, although
having three proline-rich domains, bound to Grb2 and
Crk less efficiently than the full-length HPK1 protein.
Taken together, the cleavage of HPKI1 by caspase
profoundly changed its biochemical properties.

Keywords: HPK 1; JNK; caspase; apoptosis; adaptor

Introduction

Apoptosis is important in regulating development and
maintaining homeostasis in multicellular organisms
(reviewed in Steller, 1995; Thompson, 1995). Apopto-
sis is positively and negatively regulated by genetic and
biochemical programs (reviewed in Steller, 1995). In
recent years, the molecular mechanisms of apoptosis
have gradually been unfolded. Caspases, aspartate-
directed cysteine proteases, are required for apoptosis.
The blockage of caspase activation by peptide
inhibitors or by viral proteins, such as the pox virus
protein CrmA or baculovirus p35, suppresses apoptosis
progression (reviewed in Salvesen and Dixit, 1997).
Cleavage by caspases may enhance the biochemical
activity of their substrates, e.g., caspases themselves
(Salvesen and Dixit, 1997) and protein kinase C ¢
(Emoto et al.,, 1995). Cleavage by caspases can also
diminish normal functions of the substrates, such as
poly-(ADP-ribose) polymerase (PARP) (Lazebnik et
al., 1994), DNA-dependent protein kinase (Song et al.,
1996), MDM2 (Erhardt et al., 1997), p21°°¥" " and
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p27%" (Levkau et al., 1998). In addition, cleavage of
nuclear lamin (Lazebnik et al., 1995), gelsolin
(Kothakota er al, 1997), and focal adhesion kinase
(FAK) (Wen et al., 1997) by caspases is involved in the
morphological changes found in apoptotic cells.

The c-Jun N-terminal kinase (JNK) family, also
called stress-activated protein kinase (SAPK), belongs
to the mitogen-activated protein kinase (MAPK)
superfamily (reviewed in Ip and Davis, 1998). JNK is
activated in apoptosis induced by various stimuli
(reviewed in Ip and Davis, 1998). Activation of the
JNK pathway can lead to cell death (Xia ez al., 1995;
Chen et al., 1996b; Ichijo et al., 1997). Interference
with the JNK pathway by dominant-negative kinases
or an antisense to JNK suppresses apoptosis (Xia et
al., 1995; Chen et al., 1996b, 1998; Verheij et al., 1996;
Zanke et al., 1996; Goillot et al., 1997; Seimiya et al.,
1997; Kasibhatla et /., 1998). However, reports on the
importance of JNK in Fas-mediated apoptosis were
controversial (Brenner et al., 1997; Goillot et al., 1997;
Lenczowski et al., 1997). The exact mechanism by
which JNK was activated by apoptotic stimuli was still
unclear. Previously, we and others have shown that
JNK can be activated by oxidative stresses induced by
different apoptotic stimuli, and that this JNK
activation is independent of caspase activation (Park
et al., 1996; Chen et al., 1998). Nevertheless, in Fas-
mediated apoptosis, JNK induction is suppressed by a
caspase inhibitor (Chen et al., 1996b; Lenczowski et al.,
1997), indicating that certain JNK activator(s) may be
regulated by caspases.

Like other MAP kinases, JNK is regulated by a kinase
cascade, MAPK kinase kinase (MAP3K/
MEKK)—»MAPK kinase (MAP2K/MKK)-MAPK
(INK) (Kyriakis and Avruch, 1996). To date, two
MAP2K/MKKs, MKK4/SEK1 and MKK?7, are known
to activate JNK preferentially (Tournier et al., 1997; Yao
et al., 1997b). Multiple MAP3K/MEKKSs were found to
activate the JNK pathway via MKK4/SEK1 or MKK?7.
These MEKK-like kinases include MEKKI1-4,
MAPKKKS5/ASK1, TAKI, Tpl-2/Cot, MLK3/SPRK,
and MUK/DLK (reviewed in Fanger et al., 1997). In
addition, several yeast STE20-like kinases, such as p21-
GTPase (Racl/Cdc42)-activated kinases (PAKs) and
germinal center kinase (GCK), were also shown to
activate the JNK pathway (Bagrodia et al., 1995; Pombo
et al, 1995). We and others have cloned and
characterized the hematopoietic progenitor kinase 1
(HPK1) (Hu et al., 1996; Kiefer et al., 1996), which is
homologous to GCK. Our results indicate that HPK1
regulates the JNK  pathway through the
HPKI1 - MEKKI, TAKI—> MKK4/SEK, MKK7—
JNK cascade (Hu et al., 1996; Wang et al., 1997; Zhou
et al., 1999). HPK1 may mediate extracellular signals




through interaction with Src-homology 3 (SH3) domain-
containing adaptor molecules (Anafi et al., 1997; Qehrl et
al., 1998; Ling et al., 1999). Here we report that HPK1
was cleaved by caspase activity during apoptosis. This
cleavage separated HPK1’s kinase domain from its C-
terminal regulatory domain, and enhanced its kinase
activity. Cleavage of HPK1 by caspases also greatly
reduced its ability to associate with adaptor molecules
Grb2 and Crk.

Results

Caspase-mediated cleavage of HPKI during Fas
ligation-induced apoptosis

Our previous finding shows that both y radiation and
anti-Fas treatment induce persistent JNK activation
in Jurkat cells, but the mechanisms of JNK induction
in these two events are different. Fas-mediated JNK
activation was suppressed by a caspase inhibitor, z-
VAD-FK. In contrast, y radiation-induced JNK
activation was not suppressed by z-VAD-FK
(Figure 1). The suppression of Fas-mediated JNK
activation by a caspase inhibitor suggests that the
JNK pathway can be activated by a caspase-
dependent mechanism.

HPK!1 is a JNK upstream activator, which regulates
JNK through the HPK1-MEKKI1, TAKI->MKK4,
MKK7-JNK pathway (Hu et al., 1996, Wang et al.,
1997). By examining the protein sequence of human
HPK1, we located one consensus caspase target site
between the first and second proline-rich motifs (Figure
2a). This sequence, DDVD (amino acids 382-385), is
homologous to the substrate sequence DEXD (X
stands for any amino acid) for a group of caspases,

~ &9 ~ (]
& %Q S ‘LQQ
> Q& S & S
Y N
7 & #» A [ o N

Fold of Induction

z-VAD-FK

Figure 1 Fas-mediated, but not 3y radiation-induced, JNK
activation is caspasc dependent. Jurkat T cells were preincubated
with z-VAD-FK (100 pM) for 2 h, and then trcated with cither y
radiation (100 Gy) or Fas ligation (CH-11, 100 ng/ml) for 3 h.
The cells were harvested and endogenous JNK  activity was
cxamined by immunocomplex kinasc assays using an anti-JNK1
antibody. The results of the kinase assays were quantitated by a
densitimeter, data presented arc thc means and  standard
deviations of three mcasurcments
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including caspases 2, 3, and 7 (Salvesen and Dixit,
1997). Processing of HPK1 at this site would separate
the N-terminal kinase domain from the C-terminal
domain, with predicted molecular weights of 43 kD
and 54 kD, respectively (Figure 2a).

To examine the possible processing of HPK1 during
apoptosis, Jurkat human T cells were treated with an
anti-Fas antibody (CH-11), and endogenous HPK1 in
treated cells was examined by Western blotting using
an anti-N-terminal HPK1 antibody (Figure 2a,b). We
found that a new protein band with an apparent
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— 43kD + 54 kD |
anti-Fas
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Ab2025

Ab1404
Blot: Anti-HPK1

Figure 2 Caspasc-mediated HPK1 cleavage during Fas ligation-
induced apoptosis. (a) A conscnsus recognition sitc (underlined)
for caspascs was found in the human HPK! protcin scquence.
The triangle indicates the putative caspasc cleavage sitc. The
regions rccognized by three different anti-HPK1 antibodies
(Ab484, Ab2025, and Abl404) arc shown. Black bars rcpresent
prolinc-rich motifs. (b) Jurkat cclls were treated with anti-Fas
(CH-11, 100 ng/ml), and werc collected at different time points as
indicatcd. Endogenous HPKI levels were analysed by SDS-
PAGE and Wecstern blotting using an anti-HPKI antibody
(Ab2025). (c) Jurkat cclls were trcated with anti-Fas in thc
presence or absence of the caspasc inhibitors z-VAD-FK (100 um)
or z-DEVD-FK (50 um). Endogenous HPK1 proteins were
analyscd by SDS~PAGE and Western blotting using an anti-N-
tcrminus antibody (Ab2025) or an anti-C-terminus antibody
(Ab1404)
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Figure 3 Aspartic acid residuc 385 is the caspasc cleavage sitc in
HPK! (a) in virro translated **S-labeled Flag-tagged HPK1
proteins were immunoprecipitated from reticulocyte lysatc using
an anti-Flag antibody (M2), and incubated with rccombinant
caspasc 3 for indicated times. Reaction mixturcs were resolved by
SDS-PAGE and analyscd by autoradiography. (b) HcLa cclls
were transfected  with  various HPKI1 constructs for 8 h.
Transfected cells were incubated in complete medium for 12—
14 h, then treated with UV-C (30 J/m?). Irradiated cclls were then
incubated with or without an anti-Fas antibody (CH-11, 100 ng/
ml) for 4 h. Expression of HPKI protcins was cxamined by
Western blotting using an anti-HPK1 antibody (Ab484). (c) in
vitro translated *’S-labeled Flag-tagged HPK! proteins were
immunoprecipitated from reticulocyte lysate using an anti-Flag
antibody (M2), and incubated with caspasc 3 for 3 h in the

molecular weight of 43 kD appeared on the Western
blot (Figure 2b), suggesting HPK1 is cleaved during
apoptosis. To verify if the HPK1 cleavage was
mediated by caspases, Jurkat T cells were treated with
the anti-Fas antibody in the presence or absence of a
pan-caspase inhibitor, z-VAD-FK or a selective
caspase inhibitor, z-DEVD-FK. The treated cell
lysates were then analysed by Western blotting with
antibodies against either the N-terminus (Ab2025) or
the C-terminus (Ab1404) of HPK1 (Figure 2c). Both
anti-HPK1 antibodies recognized one new protein
band in anti-Fas-treated cells, which was absent in
untreated cells. These protein bands had molecular
weights corresponding to the predicted cleavage
products (Figure 2a,c), suggesting that HPKI1 was
processed at the putative cleavage site. Furthermore,
the HPK 1 cleavage was blocked by co-treatment of the
cells with either caspase inhibitor (Figure 2c),
suggesting that the cleavage was mediated through a
caspase-dependent pathway.

Aspartic acid residue 385 is the caspase cleavage site in
HPK]

Sequence examination and the Western blot analysis of
the cleaved HPK1 proteins suggested that DDVD** is
a possible caspase recognition site in HPK 1. Inhibition
of HPK cleavage by the caspase inhibitor, z-DEVD-
FK, also suggests that HPK1 cleavage is dependent on
a DEVD-oriented caspase (or caspases) such as
caspase 2, 3 and/or 7. To verify that HPK1 is a direct
target for caspases, the in vitro translated *S-
methionine-labeled HPK1 protein was used as a
substrate for caspase assays. Recombinant caspase 3,
which has a DEVD-oriented substrate specificity
(Salvesen and Dixit, 1997), was used in the assays.
Caspase 3 processed HPK1 efficiently, since the full-
length HPK1 proteins were almost completely cleaved
in 30 min (Figure 3a). This result indicates that HPK!1
is a direct substrate for caspase 3, and suggests that
HPK1 may be cleaved by caspase-3 like proteases in
vivo.

Our data suggest that the DDVD** motif in HPK1
is a potential target for caspases. Also, we found an
identical DDVD motif (amino acids 381-384) in
murine HPK1 protein sequence (Kiefer et al., 1996),
suggesting that this motif may be a conserved caspase
cleavage site. To examine whether DDVD™ is the real
caspase recognition site, we generated an HPKI
mutant by changing the critical aspartic residue
(D385) to an asparagine (N). The susceptibility of the
HPK1-(D385N) protein to caspases was tested by an in
vivo system. HeLa cells were transfected with different
HPK constructs. The transfected cells were irradiated
with a low dose of UV-C (30 J/m?) to sensitize them to

presence or abscnce of z-DEVD-FK (50 nM). Rcaction mixturcs
were resolved by SDS~PAGE and analysed by autoradiography.
(d) Lecft panch: 293 cells were transfected with empty vector,
HPK1, or HPK1-(D385) cxpressing plasmid (I ug cach). Right
pancl: 293 cells were transfected with different combinations of
cxpressing plasmids including empty vector plus HPK1 (1 ug
cach), HPK 1 plus HA-JNKI (I ug cach), or HPK1-(D385N) plus
HA-JNKI (1 pg cach). HPK1 and HA-JNKI activitics in thc
transfected cclls were determined by immunocomplex assays as
described in Materials and methods




Fas ligation (Rehemtulla et al., 1997), and were then
incubated with or without an anti-Fas antibody. The
expression and processing of the transfected HPKI
were examined by Western blot analyses using an anti-
HPKI1 (N-terminus) antibody (Figure 3b). Wild-type
HPK1 was not expressed well in HeLa cells, but the
kinase-dead HPK 1-M(46) was expressed efficiently, and
the level of the N-terminal cleaved fragment (HPK1-N)
increased after Fas ligation (Figure 3b), indicating that
HPK1-M(46) was processed by caspases. The N-
terminal cleaved fragment was not detected in cells
transfected with HPK1-(D385N) after Fas ligation,
suggesting that the mutated protein was resistant to
caspase cleavage. This result also suggests that the
sequence, DDVD™S, is the major target of caspases in a
cellular context.

In vitro transcribed, translated, and *S-methionine-
labeled HPK 1 proteins were also tested with an in vitro
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Figure 4 A potential reciprocal regulation between HPK1 and
caspascs. (a) Jurkat cclls were trcated with anti-Fas (CH-11,
100 ng/ml) in thc presence or absence of z-VAD-FK (100 um).
Endogenous HPK1 proteins were analysed by SDS-PAGE and
Western  blotting using an  anti-N-terminal HPK1! antibody
(Ab484). HPK activity was isolated with Ab484 and cxamined
by immunocomplex kinasc assays using MBP as a substratc. (b)
HcLa cells were transfected with a plasmid encoding HPK1 or
HPK 1-M(46). Transfected cells were then incubated in complete
medium with or without z-VAD-FK (100 um) for 24 h. Cclls were
collected and the cxpression of HPK! protcins was examined by
Western blotting using an anti-HPK1 antibody (Ab484)
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cleavage assay using recombinant caspase 3 proteins.
The wild-type HPK1 protein was cleaved by caspase 3,
and the cleavage was inhibited by z-DEVD-FK,
indicating that the cleavage is mainly caused by
caspase 3, but not by contaminated proteases from
reticulocyte lysate. In contrast, HPK1-(D385N) was
completely resistant to caspase 3, even after a 3 h
incubation (Figure 3c). This result is consistent with
the in vivo experiments (Figure 3b), suggesting that
aspartic acid 385 is the target for caspases in the HPK1
protein. The HPKI1-(D385N) mutant showed similar
kinase activity and JNK-activating ability as the wild-
type HPK1 (Figure 3d), indicating that the point
mutation only affected HPKI’s susceptibility to
caspases but had no other global effect on HPKI.

A potential reciprocal regulation between HPKI and
caspases

Because the HPKI! cleavage separated the kinase
domain from the C-terminal regulatory domain, we
examined whether the cleavage of HPKI1 affects its
kinase activity. HPK1 was immunoprecipitated from
untreated or anti-Fas-treated Jurkat cells by an
antibody (Ab484) that recognized the N-terminus of
HPKI proteins (Figure 4a), and then examined by in
vitro kinase assays using myelin basic protein (MBP) as
a substrate. HPK 1 activity increased in anti-Fas treated
cells when compared with untreated cells (Figure 4a).
This activation was suppressed in the presence of the
caspase inhibitor z-VAD-FK during Fas ligation,
suggesting that the cleavage of HPK1 by caspases
enhances its kinase activity.

It is interesting to note that the expression level of
wild-type HPK1 was much less than that of kinase-
dead HPK1-M(46) in transfected HeLa cells (Figure
3b). One possibility is that overexpression of HPK1
may activate the JNK pathway and downstream
apoptotic signaling, subsequently, induce apoptosis in
HeLa cells. Therefore, wild-type HPK1 may either
induce its own cleavage or stop its own expression by
inducing caspase activation and apoptosis. To test this
possibility, we expressed both HPK1 and HPK1-M(46)
in HeLa cells in the presence or absence of the caspase
inhibitor, z-VAD-FK. The addition of the caspase
inhibitor greatly increased the expression level of full-
length HPKI1, while only marginally increased the
HPK1-M(46) levels (Figure 4b). This result suggests
that HPK1’s kinase activity induced caspase activation
and its own degradation.

The N-terminal HPKI fragment retains JNK activating
ability

Since HPK1 is an upstream JNK activator and the
JNK pathway is involved in apoptotic signaling, we
then examined whether cleavage of HPK1 affects its
ability to induce JNK activation. Co-expression of
HPK and JNK enhanced JNK kinase activity (Figure
5). HPK1-N(1-385), corresponding to the N-terminal
HPK cleaved product, induced stronger JNK activa-
tion than the full-length HPK1 did (Figure 5). The
kinase-dead HPKI1-M(46) and C-terminal fragment
HPK1-C(386-833) failed to activate JNK (Figure 5).
This result suggests that cleavage of HPK1 may
enhance its JNK activating ability.
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Cleavage of HPKI reduces its interaction with adaptor
molecules

We and others found that HPK1 physically interacts
with adaptor molecules including Crk, CrkL, and Grb2

via proline-rich motifs in the C-terminal regulatory
region (Anafi et al., 1997; Ochrl et al., 1998; Ling et al.,

HA-JNK1: -

IP: anti-HA i

-HA-JNK1

Blot: anti-HA = 7

Figure 5 N-terminal HPK1 fragment retains JNK activating
ability. 293 cclls were transfected with HA-JNK1 (1 pg) in
combination with indicated plasmids (1 pg cach). The total
amount of DNA was normalized with cmpty vectors. Thirty-six
hours aftcr removing the transfection mixture, cell lysates were
prepared and JNK activity was immunoprecipitated by an anti-
HA antibody (12CAS) and cxamined by in vitro kinasc assays.
Expression of HA-JNK was cxaminced by Western blotting using
an anti-HA antibody
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Figure 6 Dccreases in HPK 1-adaptor molccules intcraction after
caspase clcavage. (a and b) Ccll lysates (500 pg) isolated from
Jurkat cclls trcated with or without anti-Fas (CH-11, 100 ng/ml;
4 h) were incubated with GST-Grb2 (or GST-Crk) fusion protcins
(20 pg). The protein complexes were affinity-purified by GSH-
scpharose bcads followed by repeated washes as described in
Materials and mcthods. The precipitated complexes  werc
subjccted to SDS—-PAGE and Western blot analyses using anti-
HPK1 antibodics (a, anti-N-tcrminus Ab484; b, anti-C-tcrminus
Abl1404). Crudc ccll lysate (50 pg) from untrcated and anti-Fas
treated cells were uscd as controls

1999). Cleavage of HPK 1 by caspases scparates the N-
terminus of HPK1 (containing kinase domain and the
first proline-rich motif) from the C-terminus (contain-
ing the remaining three proline-rich motifs (Figure 2a).
Therefore, the cleavage of HPK1 may affect its ability
to associate with adaptor molecules and, very likely,
change HPKI1 localization and functions. We tested
whether cleaved HPK1 fragments bind to adaptor
molecules Grb2 and Crk. Cell lysates isolated from
Jurkat cells treated with or without anti-Fas were
incubated with GST-Crk (or GST-Grb2) fusion
proteins, and then were affinity-purified by GSH-
sepharose beads followed by repeated washes. The
precipitated complexes were subjected to SDS-PAGE
and Western blot analyses using anti-HPK1 antibodies
(anti-N-terminus Ab484 and anti-C-terminus Ab1404).
The full-length HPK1 in either untreated or anti-Fas
treated cell lysate bound to GST-Crk and GST-Grb2
proteins. The N-terminal cleaved fragment failed to
bind GST-Crk and GST-Grb2 (Figure 6a). The C-
terminal cleaved fragment of HPK1 retained the Crk
(or Grb2)-binding property (Figure 6b); however, its
binding to Crk (or Grb2) was much less efficient than
the full-length HPK1 protein (Figure 6b).

Discussion

Both caspases and the JNK pathway participate in
apoptotic signaling induced by various stimuli. However,
the relative order of JNK and caspases in apoptotic
signaling differ in apoptosis induced by distinct stimuli.
In apoptosis induced by growth factor withdrawal,
radiation, or anti-cancer drugs, JNK activation occurs
in the absence of caspase activity (Chen et al., 1996b,
1998; Park et al., 1996). In contrast, caspase activity is
required for JNK activation in Fas-mediated apoptosis
(Chen et al., 1996b; Lenczowski et al., 1997). The
importance of the JNK pathway in Fas-mediated
apoptosis is controversial (Brenner et al., 1997; Goillot
et al., 1997; Lenczowski et al., 1997).

Recently, several JNK upstream activators includ-
ing MEKKI1, PAK2/hPAK65, and Mstl were shown
to be substrates of caspases (Cardone et al, 1997;
Rudel and Bokoch, 1997; Deak et al., 1998; Graves et
al., 1998; Widmann er al., 1998). The similarities
among these reports are that the cleavage separates
the kinase domain from the regulatory domain, and
enhances the kinase activity (Cardone et al., 1997,
Rudel and Bokoch, 1997; Deak et al., 1998; Graves et
al., 1998; Widmann et al., 1998). The cleaved kinases
have either the same or enhanced ability to activate
JNK. In this report, we show that HPK1 was also
cleaved by caspases in Fas-mediated apoptosis. The
cleavage of HPK! separated the kinase domain from
the C-terminal regulatory domain, enhanced its kinase
activity, and may enhance downstream JNK activa-
tion. We were unable to block Fas-mediated JNK
activation by kinase-dead HPK1 mutants (data not
shown). One possibility is that in the presence of
cleavage and activation of multiple JNK upstream
kinases by caspases, blocking of HPK1 alone is not
sufficient to suppress JNK activation. In addition to
HPKI, we found that other two HPKI-like, JNK
activating kinases, GCK-like kinase (GLK) and
HPK1/GCK homologous kinase (HGK) (Diener et




al., 1997, Yao et al., 1997a), were also cleaved by
caspase activity during Fas-mediated apoptosis (data
not shown). Taken together, our and others’ data
suggest that the cleavage of JNK upstream regulators
is a conserved mechanism, which may mediate JNK
activation and other downstream effects. It has been
shown that JNK activation is required for caspase
activation by certain stimuli (Seimiya et al., 1997,
Shiah et al., 1998). It is possible that apoptotic
signaling is a circuit that death stimuli can enter at
either the JNK pathway or the caspase cascade, and
the signaling circuit may amplify the death signal
through the reciprocal interaction between these two
signaling modules.

How the cleavage of HPKI enhances its kinase
activity is intriguing. The regulatory domain of S.
pombe PAK1 has been shown to inhibit its own kinase
activity, and the binding of Cdc42 GTPase releases the
inhibitory effect. We found that the HPKI1 kinase
domain construct is more active than the full-length
protein, suggesting that the C-terminus of HPK1 may
also serve as an inhibitory domain. Cleavage of HPK1
may relieve this self-inhibitory effect. One interesting
structural feature of HPKI is its four proline-rich
motifs (putative SH3 domain-binding sites) in its
regulatory region (Hu er al, 1996). We and others
found that HPK1 physically interacts with adaptor
molecules including Crk, CrkL, and Grb2 via these
proline-rich motifs (Anafi et al., 1997; Ochrl et al,
1998; Ling et al., 1999). Co-expression of Crk with
CrkL enhances HPK1 activity through mechanisms yet
unknown (Ling et al., 1999). It is possible that binding
of adaptors to the proline-rich motifs of HPKI also
relieves the self-inhibitory effect.

Cleavage of HPK1 by caspases separated the N-
terminus of HPK1 (containing the first proline-rich
domain) from the C-terminus (containing proline-rich
domains 2, 3 and 4), and decreased its binding to
adaptor molecules Grb2 and Crk. It has been shown
that interaction between HPK ! and adaptor molecules
may play a role in recruiting HPKI1 to the surface
receptor complexes (Anafi et al, 1997; Ling et al.,
1999). The cleavage of HPK1 greatly reduced its ability
to associate with Grb2 and Crk and, very likely, may
change HPK1 localization and functions. Previously,
we also observed that HPK 1 mutants interfere with IL-
2 promoter activation induced by T-cell activation
signals (Ling et al, 1999). This result suggests that
HPK 1 may mediate T-cell receptor signaling. Our data
indicate that cleaved HPK is still capable of activating
the JNK pathway; however, whether and how the
cleavage will affect HPK1’s other downstream func-
tions remains uncertain. It will be important to
examine whether cleavage of HPK1 disables other T-
cell activation signaling but specifically leaves the JINK
pathway in activated condition. If that is the case, it
will be a novel mechanism that caspases inhibit
mitogenic signaling and, at the same time, leave the
apoptotic signaling intact.

Materials and methods

Cells, antibodies, and reagents

Human Jurkat T cells (clone J.LEI) were cultured as
described (Chen ef al., 1996a). Hela cells and human
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embryonic kidney 293 cells were cultured in DMEM
supplemented with 10% fetal calf serum and streptomycin/
penicillin. Rabbit anti-JNK1 antibody (Abl0l) and anti-
HPK1 antibodies (Ab2025, Ab484, and Abl404) were
described previously (Chen et al., 1996b; Hu et al., 1996;
Ling et al, 1999). The horseradish peroxidase (HRP)-
conjugated goat anti-rabbit antibody was obtained from
Sigma. The anti-Flag (M2) and anti-HA (12CAS5) antibodies
were purchased from Kodak and Boehringer Mannheim,
respectively. Protein A and G-agarose beads were purchased
from Bio-Rad and Santa Cruz, respectively. Caspase
inhibitors, z-VAD-FK and z-DEVD-FK, and the anti-Fas
antibody (CH-11) were purchased from Kamiya Biomedical.
Myelin basic protein (MBP) was purchased from Gibco.
Caspase 3 was purchased from Pharmingen.

Plasmids

Plasmids of GST-c-Jun(1-79), HA-JNKI1, MEKKI,
Flag-HPK 1, Flag—HPK1-M(46), were described previously
(Hu et al., 1996; Meyer et al., 1996). Flag—-HPKI1(D385N)
was constructed by changing HPK1’s aspartic acid residue
385 to an asparagine using polymerase chain reaction (PCR)-
mediated site-directed mutagenesis, and inserted into the
pCR3.1 expression plasmid (Invitrogen). Flag—HPKI-N(1-
385) and Flag- HPK1-C(386-833) were generated by PCR
and inserted into the pTOPO3.1 vector (Invitrogen). The
bacteria-expressing constructs of fusion proteins GST-Crk
and GST-Grb2 were kindly provided by SM Feller
(Bavarian Julius-Maximilians University, Wuzburg, Ger-
many) and by EY Skolnik (New York University Medical
Center, New York, USA), respectively.

In vitro caspase cleavage assays

*S-methionine-labeled Flag-HPK1 proteins (wild-type and
the D385N mutant) were synthesized by an in vitro
transcription and translation kit (Promega Biotech) as
described previously (Ling er al, 1999). Labeled HPKI
proteins were immunoprecipitated from the reaction mixture
with an anti-Flag antibody (M2) and protein G-agarose
beads to remove endogenous proteases in reticulocyte lysate.
The precipitated proteins were incubated in 50 ul of caspase
reaction buffer (10 mm HEPES, 100 mM NaCl, 10 mMm DTT,
1 mmM EDTA, 0.1% CHAPS, pH 7.2) with recombinant
caspase 3 (100 ng). The reaction was carried out at 37°C
for indicated times, and terminated by adding SDS sample
buffer and boiling for 5 min. The samples were resolved by
SDS-PAGE (10%) and analysed by autoradiography.

Cell transfection and cell extracts preparation

The cells were plated 24 h before transfection at a density of
1.5x 10° per 35-mm well. The 293 cells were transfected by a
calcium phosphate precipitation protocol (Specialty Media),
and HeLa cells were transfected using the Lipofectamine Plus
reagent (Gibco) according to the manufacturer’s instructions.

Whole cell lysate was prepared by suspending 2 x 10° cells
in 150 gl lysis buffer (20 mM HEPES [pH 7.4], 150 mM NaCl,
2 mM EGTA, 50 mM glycerophosphate, 1% Triton X-100,
10% glycerol, 1 mM DTT, 2 ug/ml leupeptin, S ug/ml
aprotinin, | mM phenylmethylsulfonyl fluoride [PMSF], and
I mM Na,VO,). The cell lysates were kept on ice and
vigorously vortexed every 5 min for 20 min. The lysate was
cleared by centrifugation at 15 000 g for 3 min, and stored at
—80°C.

Immunocomplex kinase assays

The immunocomplex kinase assay for JNK activity was
carried out as described (Chen et al., 1996b). For the HPK1
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assays, endogenous HPK1 was precipitated with a specific
antibody and protein A-agarose beads (Bio-Rad) in lysis
buffer at 4°C for 2 h. The precipitates were washed twice with
lysis buffer, twice with LiCl buffer (500 mm LiCl, 100 mm
Tris-Cl [pH 7.6], and 0.1% Triton X-100), and twice with
kinase buffer (20 mM 4-morpholinepropane-sulfonic acid
[MOPS; pH 7.6], 2 mM EGTA, 10 mM MgCl,, 0.1% Triton
X-100, 1 mM dithiothrietol [DTT], and 1 mM Na,VO,), then
mixed in 30 l of kinase buffer containing 50 uM of ATP, and
10 uCi of [y-*PJATP. Five ug of MBP was added per
reaction as a substrate. The reaction was performed at
30°C for 30 min, then terminated by adding SDS sampling
buffer. The reaction mixtures were boiled and analysed by
SDS-PAGE and autoradiography.

In vitro interaction assays

Five hundred ug of cellular proteins from untreated or anti-
Fas-treated Jurkat cells was incubated with 20 ug of purified
GST-Crk (or GST-Grb2) proteins and 25 ul packed GSH-
conjugated agarose beads in 1.5 ml of the lysis buffer at 4°C
for 2h with continuous rotation. The affinity-purified
complex were then washed three times with 1.5 ml of the
lysis buffer, denatured by adding 70 gl of 1 xSDS sampling
buffer and 5-min boiling, and analysed by Western blot
assays using anti-HPK antibodies.

Western blot analyses

For Western blot analyses, the samples were prepared as
described above. The samples were resolved by SDS-PAGE,
and then transferred to a polyvinylidene difluoride (PVDF)
membrane. The membrane was then incubated with a
primary antibody (anti-HPK1 [Ab2025, Ab484, or Abl404],
1:1000 dilution), washed, and blotted with a secondary
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Abstract. The c¢-Jun N-terminal kinase (INX) group of
mitogen-activzitcd protein kinases (MAPKs) is activated in
mammalian cells by environmental stress, pro-inflammatory
cytokines, and mitogenic stimuli. Biochemical and genetic
studies demonstrate that JNK regulates the activities of many
transcription factors, and that the INK pathway is required

* for the regulation of inflammatory responses, cell proliferation,

and apoptosis. The involvement of JNK in apoptotic cell death
is particularly intriguing, and has been actively studied in
recent years. An improved understanding of JNK-mediated
apoptotic signaling may provide novel strategies in prevention
and treatment of cancers.
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1. Introduction

Mitogen-activated protein kinases (MAPKs) are conserved’

signaling molecules that exist in various organisms, from yeasts
to mammals (1). Mammalian MAPKs consist of three major
groups including extracellular signal-regulated kinases (ERXs),
c-Jun N-terminal kinases (JNKSs, also known as stress-activated
protein kinases, SAPKs), and p38-MAPKs (1). MAPKSs share
a common character: they are activated by phosphorylation at
a Thr-X-Tyr motif (X is Glu in ERKs, Pro in JNKs, and Gly in
p38-MAPKs) in kinase subdomain VIII (1). The major targets
for MAPK kinases are transcription factors that regulate gene
expression. Recently, rapid progress has been made in the
identification and cloning of regulators of the JNK pathway.
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Key words: mitogen-activated protein kinase, c-Jun N-terminal
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The known JNK pathway consists of JNKs and various
MAP2Ks, MAP3Ks, and MAP4Ks, which may mediate
signals induced by distinct stimuli (Fig. 1). Activated JNK
can be dephosphorylated and inactivated by a number of
dual-specificity phosphatases. The JNK pathway responds to
many diverse stimuli (1,2) including mitogens, fluid shearing,
pro-inflammatory cytokines, and environmental stresses
including various apoptotic stimuli. These diverse cellular
functions may be achieved with the subtle reguiation of the
JNK pathway by its reguiators in conjunction with other
signaling pathways. In this review, we summarize recent
studies on the JNX pathway and the involvement of the INK

pathway in apoptotic signaling.
2. The JNK pathway

JNKs. The human JNKs are encoded by three genes jnkl,
jnk2, and jnk3 (3-6). The corresponding murine genes have
also been identified (7). INK1 and JNK2 are widely expressed
in many tissues, while JNK3 is preferentially expressed in
neuronal tissues. Ten isoforms of JNX are generated by
alternative splicing of the transcripts from the three genes (6).
It has been suggested that INK isoforms may target different
substrates in vivo. Most of the known substrates for JNK are
transcriptional factors including c-Jun, JunD, ATF-2, ATFa,
Elk-1, and Sap-la (2). Generally, phosphorylation of these
factors by JNK increases their transcriptional activity.

The physiological functions of INK have been examined by
genetic analysis. The jnkl*, jnk2*, and jnk3” single mutant
mice have no global abnormality (8-10). The T cells in jnkI*
and jnk2* mice preferentially differentiate into Th2 rather than
Thl cells (9,10). The jnkl* T cells hyper-proliferate and exhibit
decreased activation-induced apoptosis (10). Excitotoxicity-
induced apoptosis in the hippocampus is absent in jnk3* mice
in comparison to normal mice (8). The jnkl/jnk3 and jnk2/jnk3
.deficient mice also develop normally (11); however, jnkl/jnk2
deficient mice are embryonically lethal and have severe
dysregulation of apoptosis in the brain (11). These resuits
indicate that JNK 1 and JNK2 may have overlapping functions,
and are important in regulation of immune response and
embryonic development. INK3 may have its unique functions
in the neuronal tissues.

MAP2Ks in the JNK pathway. INK is activated by phos-
phorylation at amino acids Thr-183 and Tyr-185. MKXK4 (aiso
known as SEK1 or JNKK1) phosphorylates and activates




652

Mitogens, Cytokines, Ceilular Stress

MAP4K LGCX HPK1 GLK KHS HGK TNK

ASKT  MEKK1,2.3.4 Tpi2 MLKS [FT3
W‘"’K! MAPIKS TAKT  MIKZ MUK

i
[

{

!

]

!

]

i

f

x v
|

!

1

!

}

1

!

!

Dusi-spacificity
JNK phosphatases

WZK
MAPK ! JNK1, JNK2, JNK3 \/

P —_—

e e e e e e e )

Figure 1. The INK signaling pathway. Currently known MAPKs, MAP2Ks,
MAP3Ks, and MAP4Ks of the INK pathway are illustrated schematically.
Activated JNK can be dephosphorylated and down-regulated by dual-
specificity phosphatases. The signaling specificity among the components is
not presented in this figure.

JNK in vitro and in vive (12-14). However, recombinant
MKXK4 does not show apparent dual-specificity. Recombinant
wild-type JNK proteins are phosphorylated at Tyr, Ser and
Thr residues in the presence of recombinant MKXA4, whereas
a kinase-inactive INK is phosphorylated predominantly on
Tyr (12). The phosphorylation _on Thr-183 may be caused by
the proline-directed kinase activity of JNK itself, occurring
after MKK4-mediated Tyr-phosphorylation. It is also possible
that MKK4 obtains dual-specific kinase activity after activation
by upstream kinases. Homologous deletion in mkk4 genes is
embryonically lethal in mice, indicating that MKX4 is essential
for embryonic development (15,16). MKX4 is mutated in
several tumors, suggesting that MKX4 is a potential tumor
suppressor (17,18).

Recently, a novel kinase, MKX7 (also named as JNKK?2),
has been cloned and found to specifically activate JNK, but
not p38-MAPK or ERX (19-22). MKX7 is related to MKXA4
and belongs to the mammalian MAPK kinase superfamily
(19,20). Unlike MKX4, MKK7 predominantly phosphorylates
INX at the threonine residue. It has been shown that these
two MKXKs activate INK synergistically in vitro. However, it
is unclear whether these two kinases cooperate in INK
activation in vivo. Both MKK4 and MKXK7 are widely
expressed in human and murine tissue (19,20), and mediate
signals from the same panel of extracellular stimuli (22).

MAP3Ks in the JNK pathway. Multiple MAP kinase kinase
kinases (MAPKKKs or MAP3Ks) have been reported to
activate the INK pathway via MKK4 and/or MKX7. These
kinases include MEKX 1-4, ASKI/MAPKKKS, MAPKKXG6,
TAK1, Tpl-2/Cot, and mixed lineage kinases. The four MEKKSs
(ranging from 69.5-195 kDa in size) have homologous kinase
domains in the C-termini of the proteins, but have little
homology in their N-termini. All four MEKKs (MEKK1-4)
activate the INK pathway (reviewed in ref. 23). MEKX1,
MEKX?2, and MEKX3 also activate the ERK pathway (24-26),
and activate the NF-«xB through the IxB kinases (IKKs)

CHEN and TAN: THE C-Jun KINASE PATHWAY AND APOPTOTIC SIGNALING

(27,28). MEKK3 and MEKX4 have been shown to activate
the p38-MAPK pathway through MKXS6 (29,30).

TGF-B activated kinase 1 (TAK1) is activated by TGF-8
(31), interleukin 1 (32), ceramide, and UV-C treatments (33).
TAK1 activates JNK and p38-MAPK, but has no effect on
ERK (31,34). TAK1 also activates IXKX and NF-xB
transcriptional activity (32). TAK and its associated protein,
TABI, are important in the dorsoventral patterning of early
Xenopus embryos (35).

Apoptosis signal-regulating kinase 1 (ASK1, also named
MAPKKXS) has been shown to activate JNK and p38-MAPK
through MKXK4 and MKX3, respectively (36,37). An ASKI1-
related kinase kinase, MAPKKK6 (murine homologue is
ASK2), was identiffed by yeast two-hybrid screen using ASK1
as a bait (38). MAPKKXS also interacts with ASK1 when
coexpressed in 293 cells (38). In contrast to ASK1, MAPKKKS6
only weakly activates JNK1 but does not activate p38-MAPK
or ERX (38).

Murine tumor progression locus 2 (Tpl-2), a homolog of the
human transforming gene cot, is a proto-oncogene invoived in
T Iymphomas induced by Moloney murine leukemia virus (39).
Expression of Tpl-2 in mammalian cells activates ERXK and
JNK through the direct phosphorylation of MEK-1 and MKXA,
respectively (40).

The mixed lineage kinase (MLK) family of kinases includes
MLK1 (41), MLX2/mammalian STE20-like (MST) (41,42),
MLK3/src-homology 3 (SH3) domain-containing proline-rich
kinase (SPRK)/protein tyrosine kinase 1 (PTK-1) (43-45),
MAPK-upstream kinase (MUK)/dual leucine zipper-bearing
kinase (DLK)/leucine-zipper protein kinase (ZPK) (46,47),
and leucine zipper-bearing kinase (LZK) (48). This group of
kinases contains similar catalytic domains, which show
structural features of both tyrosine- and serine/threonine-
specific protein kinases, an SH3 motif at the N-terminus and
proline-rich regions at the C-terminus. MLKSs also have Leu/
Tle-zipper motifs near the C-terminus. These motifs may allow
MIKs to dimerize or interact with other molecules. MLK2
and MLK3 have been shown to interact with Cdcd2 and Rac
proteins (45,49). MLK2/MST, MLK3, MUK and 1.ZX activate
the JNK pathway when co-expressed with JNK in mammalian
cells (50). MLK2/MST also weakly activates p38-MAPK and
ERK (51). MLX3 activates the p38-MAPX pathway via
MKXKS3 and MKXS6, but has no effect on the ERX pathway

“44.

JNK-activating STE20-related kinases. The MAP kinase
modules in . cerevisiae are controlled by a MAP4K named
STE20. Several kinases containing an STE20-like kinase
domain have been identified in mammalian cells, and can be
divided into several subgroups, which roughly correspond to
their structures and biochemical properties. Among them,
GCK, HPK1, KHS/GCKR, GLK, HGK/NIK, have been shown

* to regulate the JNK pathway through MAP3Ks. Therefore,

they can be classified as MAP4Ks in mammalian cells.
Germinal center kinase (GCK), hematopoietic progenitor
kinase 1 (HPK1), kinase homologous to STE20 (KHS)/GCK
related kinase (GCKR), and GCK-like kinase (GLK) form a
subgroup of STE20-like kinases, which share a similar
structure. They have the STE20-like catalytic domain in their
N-terminus and at least 2 proline-rich motifs (Src homology 3
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[SH3] domain binding sites) in their middle region. A domain
distantly related to part of murine citron protein (citron
homology domain, CNH domain) is located in the C-terminus
of these kinases. GCK was first found o be expressed in B
lymphocytes residing in the germinal center region of lymphoid
follicles (52), but was later found to be ubiquitously expressed
in many tissues. GCK has been shown to interact with TNF
receptor-associated factor-2 (TRAF2) and with MEKK (53).
Therefore, GCK may link the TNF receptor complex to the
INK pathway through MEKK1.- GCK also interacts with the
small G protein Rab8 (54); however, the biological significance
of this interaction is unclear.

HPK1 is preferentially expressed in hematopoietic cells,
especially in lymphocytes (55,56). HPK1 contains four proline-
rich motifs, and interacts with the adaptor molecules Grb2, Crk,
CrkL., Nck, and HIPS5/SH3P7 (57-60). These adaptor proteins
bind.to tyrosine-phosphorylated proteins through their SH2
domains. The interaction between HPK1 and adaptor proteins
may recruit HPK1 to surface receptor-tyrosine kinase
complexes. Indeed, HPK1 is activated by tyrosine phosphatase
inhibitors and is tyrosine-phosphorylated after epidermal
growth factor stimulation and T-cell receptor ligation
(57,58). HPK1 interacts with MEKX1 in vivo and directly
phosphorylates its regulatory region in vitro (55). HPX1 also
interacts with MLLK3 and TAK1 (56,61). HPX1 is upstream
of TAK1 in TGF-83-induced JNXK activation (61).

KHS/GCKR is activated by TNF-a and UV irradiation
(62,63). A KHS/GCKR dominant-negative mutant or antisense

suppresses TNF-a, TRAF2, and UV-induced JNK activation’

(63). KHS/GCKR also physically interacts with TRAF2 (63).
Through its proline-rich domains, KHS/GCKR interacts with
the SH3 domains of Crk and CrkL, but not with the SH3
domains of Grb2 or Nck (59). KHS/GCKR is constitutively
active in chronic myeloid leukemia (CML) cells and interacts
with oncoprotein Ber-Abl (64). KHS/GCKR is activated by
Ber-Abl in a Ras-dependent manner (64). A dominant-negative
KHS/GCKR blocks Ber-Abl-induced JNX activation (64).
GLXK is widely expressed in many tissues (65). GLK-
induced JNK activation is blocked by a dominant-negative
mutant of MKX4 or MEKK1 (65). GLK phosphorylates
recombinant MEXX1 (653). These data suggest that GLK
regulates the INK pathway through MEKX1 and MKK4. To

" date, GLK is known to be regulated by UV irradiation and

TNF-a (65). Since GLK also contains proline-rich motifs, like
other kinases in this family, it may be regulated through
interaction with SH3 domain-containing molecules.
HPK1/GCK-like kinase (HGK)/Nck-interacting kinase
(NIK) and closely related Traf-2 and Nck-interacting kinase
(TNIK) also contain citron-homology (CNH) domains;
however, their sequences share low homology to the CNH
domains in HPK1, GCK, KHS, and GLK. HGK/NIK and
TNIK also contain a coiled-coil domain that is not found in
kinases of the GCX/HPK! subgroup. HGK and its murine
counterpart, NIK, are 98% identical except for an insertion
containing two proline-rich motifs in the middle region of NIK
(66,67). A longer form of human HGK that contains proline-
rich motifs was also detected in brain tissue by RT-PCR (66).
However, the short form of HGK appears to be the predominant
form in other human tissues including liver, skeletal muscle
and placenta (66). Murine HGK/NIK activates JNK and MKK4

when co-expressed in cells, and interacts with MEKX1 (67).
Murine HGK/NIK strongly interacts with the SH3 domain of
Nck, but not with other SH3 domain-containing molecules,
such as Grb2 and phospholipase C-y (67). Human HGK/NIK-
induced JNK activation can be blocked by a dominant-negative
mutant of MKX4, MKX7, or TAKI, but not by a dominant-
negative MEKX 1 mutant (66). The difference between human
and murine HGK/NIK (long versus short forms) is intriguing
and needs to be further examined.

TNIK, as the name indicates, interacts with TRAF2 and
Nck. TNIK activates JNK but not p38-MAPXK or ERK. Over-
expression of TNIK results in the disruption of F-actin and the
inhibition of cell spreading. TNIK also phosphorylates gesolin
in vitro (68). These data suggest that TNIK may be involved
in the regulation of cytoskeleton signaling; however, whether
this function is dependent on the JNK-activating ability of
TNIK is unclear. .

Scaffold proteins. The MAPX kinase pathways in S. cerevisiae
are coordinated by scaffold proteins such as Ste5p protein
and Pbs2p, (69,70). Recent studies show that mammalian cells
also contain proteins that serve as scaffolds. JNK-interacting
protein 1 (JIP1) was isolated by a two-hybrid screen for
proteins that bind to JNK. JIP2 was isolated from human brain
cDNA library using JIP1 cDNA as a probe (71). JIPs bind to
INK, but not to ERK or p38-MAPK (71,72). Both JIP1 and
JIP2 bind to MKX7 but not MKK4 (71). JIP1 also selectively
interacts with the MLK family of MAP3Ks. MKK7 and MLX
bind to regions on JIP1 that are distinct from the JNX binding
site (71,72). HPX1 also interacts with JIP1; however, whether
this interaction is direct or mediated through MLK family
members is uncertain (72). JIP1 and JIP2 interact to form
oligomeric complexes that locate in peripheral cytoplasmic
projections extended at the cell surface (71). These results
suggest that JIPs may facilitate the aggregation of components
in the JNK pathway and enhance signal transmission.
INK/SAPK-associated protein | (JSAP1) was isolated by
a yeast two-hybrid screen using JNK3 as a bait (73). JSAP1
interacts with INKs but not with p38-MAPKs or ERKs. JSAP!
is predominantly expressed in brain tissues. Among JNK
isoforms, JSAP1 shows higher affinity toward INK3 (73),
which is also predominantly expressed in brain. JSAPI
interacts with MKK4 and MEXXK!. The regions of JSAP1 that
bind JNK, MKXX4, and MEKX are distinct from one another,
Furthermore, co-expression of JSAP1 enhances JNK activation
by the MEKX1-MKX4 pathway (73). These results suggest
that JSAP] may be a scaffold protein for JNK3 activation in
brain tissues. Some kinases in the JNK pathway have extended
regulatory domains, which may enable them to serve as
scaffold proteins. For example, MEKK1 is capable of inter-
acting with JNK (74), MKX4 (67), NIK (murine HGK) (67),
and HPK1 (55) through its different regions. These properties
enable MEKX1 to serve as a kinase and a scaffold protein in

the JNK pathway.

Dual-specificity phosphatases. MAP kinases are regulated by
their own phosphorylation status. The phosphorylation on the
T-P-Y motif can be removed by dual-specificity phosphatases,
resulting in the inactivation of MAP kinases (reviewed in
refs. 75,76). Several phosphatases including PAC-1, MKP-1,
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MKP-2, MKP-4, MKP-5, and M3/6 suppress INK activation
in transfection studies (77-81). It has been shown that the
expression and activity of these dual-specificity phosphatases
are increased after mitogenic signaling (82-85), and that both
ERK and JNK can induce the expression of some dual-
specificity phosphatases (85-87). The induction of expression
and activity of these phosphatases by mitogenic signals and
MAPKs may, in turn, lead to down regulation of MAPX
activities (including JNKs and ERKS). This could be a negative
feedback loop to ensure a transient MAPK activation by
mitogenic signals.

3. JNK in apoptatic signaling

Involvement of JNK in apoptotic signaling. Apoptosis is
important in regulating development and maintaining homeo-
stasis in multicellular organisms (reviewed in refs. 88,89).
Cells undergo apoptosis in response to ligation of surface death
receptors (e.g., TNF-a receptor, Fas), depletion of growth
and survival factors, DNA-damaging agents, and many other
stimuli (89). Apoptosis is regulated by genetic and bicchemical
programs. Caspases (aspartate-directed cysteine proteases) are
required for apoptosis (90). Caspases cleave many cellular
proteins and play major roles in causing the morphological and
bicchemical changes seen in apoptotic cells. The blocking of
caspase activation by peptide inhibitors or by viral proteins,
suppresses apoptosis progression (reviewed in ref. 90). To date,
the known signaling pathways that mediate activation of
caspase cascades are initiated either at death receptors or at
the mitochondria. The mechanisms of caspase activation in
response to most apoptotic stimuli, especially extreme stress,
are being actively studied.

INK activation is observed in apoptosis induced by a
variety of stimuli in different cell types. JNK is activated by
growth factor withdrawal, ligation of death receptors, heat
shock, ceramides, UV radiation, y radiation, dopamine,
paclitaxel, retinoids, ischemia-reperfusion, intraceilular
acidification, pro-oxidants, and chemopreventive and
therapeutic agents for cancer (summarized in Table I). JNK
is also activated in apoptosis induced by forced expression of
Bruton's tyrosine kinase (91), Myc (92), polyglutamine-
expanded huntingtin (93), and BRCA1 (94). Forced expression
of INX or upstream activators of INK in mammalian cells
leads to apoptosis (95,96). Interference with the JNK pathway
by antisense oligos to INK or the dominant-negative mutant of
MEKX]1, MKKA4/SEK, or INK1 suppresses apoptosis (95-98).
JNK's substrate, c-Jun, is required for ceramide-induced
apoptosis (99) and apoptosis of neuronal cells caused by NGF
withdrawal (100,101). These results indicate the importance
of the JNK pathway in apoptotic signaling.

Several genetic studies in animals also support the role of
JNK in apoptotic signaling. INK3-deficient mice are resistant
to excitotoxicity-induced neuron apoptosis (8). In addition,
the jnkl” T cells hyper-proliferate and exhibit decreased
activation-induced apoptosis (10). The jnkl/jnk3 and jnk2(jnk3
deficient mice develop normally (11); however, jnkl/jnk2
deficient mice are embryonically lethal and have severe
dysregulation of apoptosis in the brain (11). Mice whose
endogenous c-jun has been replaced by a mutant jun alelle with
serines 63 and 73 (the major JNK targets) mutated to alanines
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Table I. INK activation by apoptotic stimuli.

Growth factors withdrawal
NGF (95°,132,153)
Erythropoietin (119)

Ligation of death receptors
Fas (105,106-108), TNF-a (103), TRAIL (167,168)

Radiation

UV radiation (3,96,98), y radiation (96,109,130,169)
Chemopreventive and therapeutic agents for cancer

ara-C (131,170), paclitaxel (115,171,180), retinoids

(120,172), vitamin E succinate (112), cisplatin (98,114),
etoposide (151), isothiocyanates (113,181), adrdamycin (182)

Miscellaneous
HIV1 gp120 (173), heat shock (7,98,124), ceramides
(97,107,174), proteasome inhibitors (116), dopamine (117),
ligation of MHC class I (175), ischemia-reperfusion
(176,177), intracellular acidification (178), hydrogen
peroxide (134,179)

*References reporting suppression cf apoptosis by interfering with
the INK pathway are shown in bold.

(Jun AA) have been generated (102). Jun AA mice are viable
and fertile, but resistant to neuronal apoptosis induced by
excitatory amino acid kainate. Jun AA fibroblasts are also
resistant to UV-induced apoptosis (102).

Despite all the evidence for the involvement of INX in
apoptosis, the role of JNK in death receptor-mediated apoptosis
is unclear. It has been reported that INK activation by TNF-a
is not involved in apoptosis induction (103,104), because INX
activation and apoptosis can be dissociated using different
components in TNF-a receptor complex. The role of Fas-
mediated JNK activation in apoptosis is also controversial
(105-108). In different systems, JNK activation by Fas ligation
has been shown to be either caspase-dependent or caspase-
independent (96,105,106).

Duration of JNK activation may determine cell fate. The INX
pathway participates in cellular responses to mitogens, stresses,
and apoptotic agents. How does the JINK pathway integrate
cellular signaling to achieve these diverse functions? We have
found that JNK in response to mitogenic and apoptotic signals
exhibits different activation patterns, transient versus persistent,
respectively (96,109). Co-treatment of T cells with a tyrosine
phosphatase inhibitor (sodittm orthovanadate) plus activation
signals (PMA plus ionomycin) prolongs the JNK induction by
T-cell activation agents and results in T cell apoptosis (96).
This result shows the association between sustained JINK
activation and apoptosis, and suggests that phosphatase activity
is important in ensuring the transient JNK activation by
mitogens. Because of the kinetic difference of INK activation
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Figure 2. Duration of JNK activation may determine cell fate. Transieat
JNK activation leads to cell proliferation, whereas sustained JNK activation
causes apoptosis. Dual-specific JINK phosphatases induced by mitogenic
stimuli down-regulate JNK activity to ensure a transient JNK activation. In
apoptotic cells, JINK phosphatases are either not expressed or suppressed.
Therefore, INK activation is not downregulated and cells undergo apoptosis.

by mitogenic and apoptotic signaling, we proposed that the
duration of JNK activation may determine cell fate (96).
Transient JNK activation induces proliferation, but does not
induce apoptosis. In contrast, sustained JNK activation resuits
in apoptosis (Fig. 2).

A similar observation was reported involving TNF-a-
induced JNK activation and apoptosis. TNF-a treatment alone
induces transient JNK activation in most cell types (4,110),
and usually does not cause apoptosis induction by itself
(103,110). It has been shown that prolonging TNF-a-induced
INK activation by co-incubation of cells with TNF-a plus
cycloheximide, actinomycin D, or orthovanadate causes
apoptosis (110). Inhibiticn of the expression of MKP-1, a dual-
specificity phosphatase that inactivates INK, also potentiates
TNF-a-induced JNK activation and apoptosis (111). This
evidence is consistent with the hypothesis that sustained JINK
activation leads to apoptosis. To date, this hypothesis has not
been conclusively proven, because an experimental system that
specifically controls JNK activation in a fine-tuned manner
has not been established. However, numerous experimental
data are consistent with this hypothesis, since sustained JNK
activation is tightly associated with apoptosxs induction (e.g.
92,95,106,110,112-120).

It has been shown that INX is constitutively activated in
T cells transformed by HTLV-1 (121) or a parasite Theileria
parva (122). INX is also persistently activated in cells
containing constitutively active EGF receptors (123). Whether
those cells have higher basal apoptotic rates is not reported;
however, these data do suggest that the cells can tolerate high
basal levels of INK activity and survive. These observations
are not necessarily contradictory to the hypothesis that
persistent JNK activation induces cell death. It is possible that
other changes occur in the transformation process that can
counteract the apoptotic effects of JNK. In that case, INK
activation may actually help the proliferation of transformed
cells.

Based on a study of NGF-withdrawal-induced apoptosis,
Xia et al proposed that ERK and JNK/p38 MAPK have
opposing functions, and that the dynamic balance between
ERK and JNK/p38 MAPK determines cell fate (95). This
hypothesis is supported by several other studies in various
systems (119,124,125). However, several pieces of evidence
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Figure 3. The mechanisms of JNK activation by apoptonc stimuli, and the
downstream events of JNK-mediated apoptosis.

suggest that the balance between ERK and JNK (or p38
MAPK) may not be the major factor that determines cell fata
in other experimental systems. CD40 ligation, which provides
a protecting signal for B cells, induces transient JNK activation
without affecting ERK activity (126,127). This suggests that
a transient imbalance between INX and ERK will not cause
apoptosis. Furthermore, treatment of T cells with activation
agents along with a phosphatase inhibitor non-preferentially
prolongs both INX and ERK activation (96), but this co-
treatment causes apoptosis in T cells, indicating that apoptosis
cccurs in the presence of persistent JNK and ERX activation.

4. Mechanisms of JNX activation by apoptotic signals

INK is activated by a variety of apoptotic stimuli. It is very
likely that different stimuli cause JNK activation through
distinct mechanisms. It is also possible that one agent can
cause JNK activation though multiple mechanisms. The
mechanisms by which apoptotic stimuli induce JNK activation
have been gradually unfolded (Fig. 3).

DNA damage is a possible origin of cellular signaling
leading to JNK activation by physical or chemical agents.
Ataxia-Telangiectasia mutated (ATM), a PI3 kinase-related
protein kinase, is activated by DNA-damaging agents. It has
been shown that JINK activation is defective in ATM™ cells,
which do not contain functional ATM, in response to ionizing
radiation, suggesting that ATM is required for INK activation
in response to DNA damage (128). ATM may activate the JNK
pathway through c-Abl tyrosine kinase, since ATM physically
interacts with c-Abl in response to DNA damage (129). In
addition, c-Abl activates the JNK pathway, and JNK activation
by DNA-damaging agents is defective in c-Abl* cells
(130,131). Despite this evidence, whether ATM activation
alone is sufficient to activate the JNK pathway in response to
DNA damage is unclear.
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It has been shown that oxidative stress mediates JINK
activation in apoptosis induced by various stimuli (113,117,
132). It is unknown whether the reduction in antioxidants
(GSH, thioredoxine) or the subsequent cellular damage caused
by free radicals is the trigger of JNK activation and apoptosis.
Recent reports indicate that several molecules in the INK
cascade are regulated by redox status directly or indirectly.
JNK interacts with glutathion S-transferase p (GSTp), and this
interaction suppresses JNK activity (133). Oxidation of GSTp
causes the dissociation of JNK and GSTp and relieves the
suppression of JNK activity (133). ASK1 is another
candidate sensor of oxidative stresses (134,135). H,0, induces
dimerization or oligomerization of ASK1, and activates its
kinase activity (135). Thioredoxine, a cellular antioxidant
protein, binds to the N-terminus of ASK and inhibits ASK
activity when in a reduced form (134). In contrast, oxidized
thicredoxine fails to inhibit ASK activity. These results suggest
that ASK1 may detect oxidative stresses through the redox
status of associated thioredoxine. However, it is unknown
whether thioredoxine-ASK1 mediates the triggering signal to
the JNX pathway in most apoptotic conditions. It has not
been shown that inhibition of ASK1 blocks JNK activation or
apoptosis induced by oxidative stress. It will also be interesting
to know whether purified thioredoxine-ASK1 alone can serve
as a redox sensor. .

JNK phosphatase activities are also important in controlling
the duration of JNK activation. All known phospho-tyrosine
phosphatases, including the dual-specificity phosphatases,
contain an essential catalytic cysteinyl residue (76,136) and
are, therefore, sensitive to thio (-SH)-reactive agents (137).
Most apoptotic stimuli are known to generate oxidative stress
(138) which, very possibly, will cause the oxidation of the
suifhydryl groups on these phosphatases and destroy their
enzymatic activities. The expression of dual-specificity
phosphatases is up-regulated by MAP kinase activities, which
may explain the transient induction of MAPX by mitogenic
stimulation. It is possible that apoptosis-mediated JNX
activation does not induce the expression of these phosphatases,
or that the oxidative environment during apoptosis can sucpress
the activity of those dual-specificity phosphatases, which in
turn causes persistent JNK activation (Fig. 3).

The efficacy of interfering with the INK pathway leading to
the suppression of Fas-mediated apoptosis varies in different
cell types. We and others found that JNK induced by Fas-
ligation is caspase-dependent (96,105,139). These results
indicate that JNK activation is a late event in Fas-mediated
apoptosis, since caspases are considered effector molecules in
apoptosis. However, many JINK upstream activators, including
PAK2, MEKX1, and HPK1 are cleaved and activated by
caspases (140-144), implying that this mechanism is conserved
and, therefore, may be important for apoptosis. The cleavage
and irreversible activation of INK upstream activators by
caspases may be a possible way to maintain a sustained JNK
induction. However, we did detect persistent JNK activation by
several apoptotic agents in the presence of a caspase inhibitor
(113,120), suggesting that cleavage of upstream activators is
not required for the maintenance of JNK activation. One
possible explanation for our observation is that apoptotic-
inducing agents were kept in the experimental system,
therefore, providing a persistent stress to cells. In this situation,
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JNK may be persistently activated even without the cleavage
of the upstream activators. On the other hand, cleavage of INK
activators may just serve as a mechanism for caspase-mediated
INK activation for some downstream apoptatic events, and
may not play a role in maintenance of JNK activity.

Recently, a novel protein Daxx was identified by its
interaction with the Fas death domain in a yeast two-hybrid
screen. Daxx also interacts with the Fas death domain in a co-
expression system in mammalian cells (145). Daxx induces
JNK activation and apoptosis throngh physical interaction with
ASK1 (146). This result suggests that Fas signaling can activate
JNK independent of caspases. However, physical interactions
between endogenous Daxx and Fas have not been reported in
untransfected cell lines. In addition, Fas-mediated apoptosis
is completely blocked in FADD- or caspase 8-deficient cells
(147-149), suggesting that it is unlikely that any other signaling
pathways mediate apoptotic signaling from Fas. Furthermore,
deficiency in Daxx results in extensive apoptosis and
embryonic lethality in mice (150). This result is strongly
against a role for Daxx in promoting apoptosis.

5. Downstream targets of the JNK pathway in apoptosis

In most cases, INK activation by apoptotic stimuli is
independent of caspase activation (96,113,120,132), and it
has been shown that the INK pathway is required for caspase
activation (116,151). Although some potential targets for INK
in apoptotic signaling have been identified (Fig. 3), the events
downstream of JNK that lead to caspase activation are not
completely clear. ’

Most of the known JNK substrates are transcription factors;
therefore JNK may cause apoptosis through the induction of
genes involved in apoptosis. The importance of N-terminal
phosphorylation of the c-Jun protein in apoptosis induction is
substantiated by a study which disrupted the JNX phos-
rhorylation sites in endogenous c¢-Jun (102). Therefore, c-Jun
may be a major mediator for INXK-induced apoptosis. It has
been shown in various systems that JNK induction and the
subsequent c-Tun activation enhance FasL expression (118,
152,153). Forced expression of a dominant-active MEKX1
causes up-regulation of FasL expression in Jurkat cells (118).
DNA-damaging agents and withdrawal of survival factors also
induce FaslL. expression and apoptosis via the activation of
the JNK pathway (152,153). These results suggest that FasL,
expression is a major downstream event of JNK-mediated
apoptotic signaling.

INK also phosphorylates the tumor suppressor protein
p33. Phosphorylation of p53 by JNK causes the dissociation of
the MDM2-p53 complex, and prevents the ubiquitination and
degradation of p53 (154). In addition, JNK signaling enhances
p33-induced transcription and apoptosis (154). It is known
that DN A-damaging agents enbance the levels of both p53 and
surface Fas expression. p53 is also shown to facilitate surface
Fas expression (155-157). However, we did not observe a
correlation in JNK activation and p53-dependent Fas
expression induced by various apoptotic stimuli (158). Fas
expression can be induced in the absence of significant JNK
activation, and JNK activation is not necessarily associated
with Fas expression (158). Therefore, p53-dependent Fas
expression may not be a downstream effect of INK activation.
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It is unclear whether INK regulates the expression of other
genes through the phosphorylation of p33.

Several pieces of evidence indicate that pS3 and/or Fas-
Fasl, interaction may not be essential for JNK-mediated
apoptosis. First, activation of the INK pathway induces
apoptosis in pS3-null cells, p33 mutant cells, and cells
containing viral oncogenes that suppress p33 function (96,113,
120,158). These results suggest that functional p33 proteins
may not be necessary for INK-mediated apoptosis. Secondly,
cells without FADD or containing dominant-negative FADD
are resistant to Fas mediated apoptosis, but are still sensitive
to DNA-damaging agents (147). This suggests that Fas/FasL,
although induced, may not be required for apoptosis induced
by DNA-damaging agents, which is JNK dependent. All of
this evidence suggests that Fas-FasL interaction may not be
essential for JNK-mediated apoptosis. However, whether INK
induces other death receptor signaling (e.g. DR4), which do
not require FADD, needs to be further examined.

Recently, it has been shown that JNX interacts with and
phosphorylates c-Myc proteins at residues Ser-62 and Ser-71
(159). Furthermore, a dominant-negative INK1 impairs c-Myc-
dependent apoptosis, and c-Myc (S62A/S71A)-expressing
cells are more resistant to JNK-activating apoptotic stimuli
including UV and paclitaxel than are c-Myc-expressing cells
(159). These results suggest that c-Myc is a possible candidate
that mediates INK-induced apoptosis. Both c-Myc and c-Jun
promote cell proliferation. The involvement of c-Myc and c-
Jun in INK-mediated apoptosis suggest that INK may induce
apoptosis by promoting untimely activation of some cell cycle
regulators. Recently, INK was found to be activated during the
cell cycle, suggesting that JNK may participate in promoting
cell cycle progression (160). The differential regulation of
INK induction in mitogenic and apoptotic responses strongly
suggests that abnormal activation of mitogenic signaling may
cause apoptosis, which is consistent with the hypothesis that
apoptosis may be caused by an aberrant cell cycle progression
(88,161).

JNX may induce apoptosis by inhibiting apoptotic
suppressors. Phosphorylation of Bel-2 has been suggested as
a mechanism by which JNK induces apoptosis. The phos-
phorylation of Bcl-2 (Bel-X)) in the loop region suppresses
Bcl-2 anti-apoptotic function (160,162,163). It has been shown
that recombinant Bc¢l-2 is phosphorylated by immuno-
precipited-JNK from cell extract. It has not been determined
whether the phosphorylation of Bcl-2 is directly caused by
INK or a JNK-associated kinase (164). Co-expression of JINK
and constitutively active Rac (a JNX activator) induces Bcl-2
phosphorylation (164). Blocking the JNK pathway suppresses
Bcl-2 phosphorylation caused by paclitaxel treatment (160).
However, Bcl-2 phosphorylation only occurs in apoptosis
induced by certain agents such as microtubule disrupting
chemicals (165,166). In addition, many apoptotic agents that
induce INK activation fail to cause Bcl-2 phosphorylation.
These results suggest that JNK activation may result in Bcl-2
phosphorylation only under a specific condition.

6. Conclusion

Recently, major advances have been achieved in understanding
the molecular mechanisms involved in the initiation and
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execution of apoptosis. The JNK pathway, a signaling
mechanism that is involved in cellular responses to a variety
of stimuli, also plays an important role in apoptotic signaling.
The distinct patterns of INK activation induced by apoptotic
stimuli (persistent) and by other stimuli (transient) suggest

“that the duration of JNK activation determines the outcome

of cellular signaling mediated by this pathway. The upstream
signaling events that mediate JNK activation, which may be
different in cells receiving distinct stimuli, are only partially
revealed. The downstream molecules that link JNK to the
execution of apoptotic cell death are also poorly understood.
Further studies are required to understand how the JNX
pathway interacts with the caspase cascade, and whether the
apoptotic function of JNX is completely dependent on
caspases, or if there is a caspase-independent pathway. The
rapid progress in studying cellular signaling and apoptotic
machinery may one day lead to the design of new preventative
or therapeutic methods to treat illnesses caused by
abnormalities in apoptotic cell death.
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